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Cancer remains one of the main causes of death in the world. Early diagnosis and effective cancer therapies
are required to treat this pathology. Traditional therapeutic approaches are limited by lack of specificity and
systemic toxicity. In this scenario, nanomaterials could overcome many limitations of conventional
approaches by reducing side effects, increasing tumor accumulation and improving the efficacy of
drugs. In the past few decades, carbon nanomaterials (i.e., fullerenes, carbon nanotubes, and carbon
dots) have attracted significant attention of researchers in various scientific fields including biomedicine
due to their unique physical/chemical properties and biological compatibility and are among the most
promising materials that have already changed and will keep changing human life. Recently, because of

Received 14th January 2021 ) . o - .
Accepted 14th June 2021 their functionalization and stability, carbon nanomaterials have been explored as a novel tool for the
delivery of therapeutic cancer drugs. In this review, we present an overview of the development of

DOI: 10.1039/d1na00036e carbon dot nanomaterials in the nanomedicine field by focusing on their synthesis, and structural and
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1. Introduction

Nanomedicine as a new branch of science is of interest for many
investigators due to important advances for cancer treatment.
Early diagnosis and effective cancer therapies are required to
treat cancer, with approximately 18.1 million new cases and 9.6
million deaths yearly worldwide." Nanomedicine has been
defined by the European Science Foundation (ESF) as follows:
“Nanomedicine uses nano-sized tools for the diagnosis, prevention
and treatment of disease and to gain increased understanding of the
complex underlying pathophysiology of disease. The ultimate goal
is improved quality of life”.> It involves diagnosis, imaging and
drug delivery with nanoparticles in the 1-1000 nm range.>*
Nanotechnology could overcome many limitations of conven-
tional approaches by reducing side effects, increasing tumor
accumulation and improving the efficacy of drugs.*® Early
pioneers in the modern era of nanomedicine can be traced back
to Ilya Metchnikov and Paul Ehrlich, who jointly received the
Nobel Prize for medicine in 1908, for their work on phagocy-
tosis'® and cell-specific diagnostics and cell-targeted therapies.
They coined the phrase “magic bullet” and gave us immuno-
therapeutics and the first synthetic low molecular weight
chemical entities. In the last 30 years, research on nanoparticles
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optical properties as well as their imaging, therapy and cargo delivery applications.

for nanomedicine has been increasing and includes studies
with polymer-drug conjugates,””* polymer-protein conju-
gates,” polymer nanocapsules,'*™*® liposomes,'* block-copol-
ymer micelles,*?” antibody-drug conjugates,”® DNA-drug
complexes®~" and albumin-drug conjugates.’* Nanotechnology
has developed rapidly allowing the incorporation of multiple
therapeutics, and sensing and targeting agents into nano-
particles providing new devices with the ability to detect,
prevent and treat complex disease such as cancer.*>?73%%
Nanotechnology represents a complementary strategy to be
integrated with the information derived from the genetic and
epigenetic characteristics of tumors.**** It is well known that
chemotherapeutic agents present severe side effects including
bone marrow suppression, cardiac and kidney toxicity, hair loss
and mucositis. In addition, these drugs are poorly soluble in
biological fluids and quickly cleared from the body.** The
important properties for a drug delivery system with nano-
particles are biocompatibility and biodegradability, prevention
of degradation and clearance of the drug by minimizing protein
binding and escaping the immune system, and increasing
tumor accumulation by passive or active targeting.’”

With the advancements in nanotechnology, the size, struc-
ture, composition, and surface properties of nanoparticles can
be controlled during synthesis. In fact, these properties play
important roles in the design of nanoparticle-based drug
carriers with a high-level of efficacy.>®*** Potential for surface
functionalization to prevent agglomeration is considered as one
of the most important factors of nanoparticle synthesis. For
example, inorganic nanoparticles, such as gold or silver
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nanoparticles, can easily aggregate together in water due to
their hydrophobic properties.”” Furthermore, when they are
injected into the blood flow, the surfaces of inorganic nano-
particles generally bind with serum proteins through electro-
static interactions. Therefore, these particles can be recognized
by the immune cells and eventually scavenged by phagocytosis.
To overcome these problems, hydrophilic and biocompatible
polyethylene glycol (PEG) polymers have been widely used to
decorate the surface of inorganic nanoparticles. With a high
grafting density, tethered PEG polymers form a brush on the
surface of these nanoparticles, and thus, they can be well-
dispersed in water,”** reduce the absorption of serum
proteins,**** and increase the circulation time and the accu-
mulation in tumor sites in vivo due to the enhanced perme-
ability and retention (EPR) effect.*>*¢~*

Among numerous types of nanomaterials developed in the
past years, carbon nanomaterials have attracted particular
interest in a large variety of fields including biomedicine,*>*
owing to their distinctive physical and chemical properties.
Based on their covalent bonds linking their carbon atoms,
carbon nanomaterials may be classified into sp®> and sp*-
carbon nanomaterials (Fig. 1). Typical sp®-carbon nano-
materials include zero-dimensional (0D) fullerenes, one-
dimensional (1D) carbon nanotubes (CNTs), and two-dimen-
sional (2D) graphene, all with well-defined structures. Carbon
nanoparticles (CNPs) or carbon dots (CDs) are nanoclusters of
amorphous carbon (or composed of small crystalline structures)
with sizes smaller than 10 nm and can also be considered as
a type of 0D sp®-carbon nanomaterial.

Many carbon nanomaterials, including CNTs, graphene
derivatives and CDs, show interesting inherent optical proper-
ties such as fluorescence, making them useful as contrast
agents in optical imaging and sensing.>* The excellent elec-
trical properties of CNTs and graphene allow them to be
extensively used in a wide range of biosensing platforms.*~*
sp>-carbon nanomaterials, especially single-walled carbon
nanotubes (SWCNTs) and graphene with all carbon atoms
exposed on their surfaces, exhibit ultra-high surface areas
available for efficient drug loading and bioconjugation.***%”
For fullerenes and CNTs with hollow structures, the inside
space may be utilized to load other functional species for
theragnostic purposes.®®® CNTs and graphene derivatives with
strong optical absorbance in the near-infrared (NIR) region are
also useful for photothermal ablation of cancer.®”7*”® Moreover,

Carbon Carbon Dots
Fullerene Nanotubes Graphene (CDs)
(CNTs)

Fig. 1 Different types of carbon nanomaterials explored for biomed-
ical applications.

5184 | Nanoscale Adv, 2021, 3, 5183-5221

View Article Online

Review

compared with many other inorganic nanomaterials such as
quantum dots (QDs), which usually contain heavy metals,
carbon nanomaterials simply composed of carbon are relatively
safe at least in terms of elementary composition. This article
reviews the progress in the research and development of carbon
dots (CDs) in nanomedicine. Compared to other reviews on this
topic,”7° this article focuses its attention on synthetic strategies
that could be employed for fabricating CDs and endowing them
with particular characteristics that are essential for the design
of efficient biological applications. The optical properties of
these materials will be discussed as well as their biological
applications with particular attention towards nanomedicine
applications such as bioimaging, drug carriers, gene therapy,
thermal treatments, cancer diagnosis and receptor-mediated
therapy.

2. Carbon dots

Carbon dots are a new class of carbon nanomaterials which
have been acknowledged as quasi-spherical particles with sizes
below 10 nm.”””® The accidental discovery of these nano-
particles during the separation and purification of SWCNTs by
Xu et al. in 2004 triggered subsequent studies to exploit their
fluorescence properties to create a new class of viable fluores-
cent nanomaterials.”” Fluorescent CNPs were named carbon
quantum dots (CQDs), or carbon dots (CDs), or carbon nano-
dots (CNDs) in 2006 by Sun et al. who proposed a synthetic route
to produce CDs with enhanced fluorescence emissions via
surface passivation.”® Over the past decade, a variety of addi-
tional terms have emerged in the literature describing different
structures of the nanoparticles, such as graphene quantum dots
(GQDs) or carbon nanoclusters. For more discussion about this
topic, we recommend to the readers the recent contribution of
Valcarcel and co-workers.” In this review, the term carbon dots
(CDs) will be generically used to describe such nanoparticles
without consideration of their actual morphologies.

Resulting from their tunable structure and diverse compo-
sition, CDs can have advantageous characteristics such as
excellent chemical stability, ease of modification, high water
solubility, tunable fluorescence with high quantum yield, good
biocompatibility and low toxicity. Particularly, CDs have wide

application including bioimaging,>5°% drug
delivery,>»°%75848688  photodynamic therapy,*®® sensors,’*"*
optoelectronics’**” and photocatalysis.’®®***® Furthermore, it

has recently been found that CDs exhibit strong luminescence
upon two-photon excitation in the NIR region, further expand-
ing their applications in bioimaging."*'"” In fact, the colorful
photoluminescence, high photostability, and low toxicity of CDs
enable them as strong competitors and potential alternatives to
heavy metal-based semiconductor quantum dots (QDs)

currently in use."®

2.1. Synthetic methods

In recent years, much progress has been made in terms of the
synthesis, properties and applications of CDs.'***'%1® Many
methods have been proposed to prepare CDs, which can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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roughly classified into “top-down” and “bottom-up”
approaches. Top-down methods consist of arc discharge,”” laser
ablation,*®8116120-122 - and  electrochemical oxidations,
where the CDs are formed or “broken off” from a larger carbon
structure. Bottom-up approaches consist of, for example,
combustion/thermal/hydrothermal,*****  microwave,”*  or
ultrasonication methods*”*** during which the CDs are formed
from smaller molecular precursors. Typically, their surfaces are
oxidized by nitric acid (HNO;) and further purified by centri-
fugation, dialysis, electrophoresis, or other separation tech-
niques. Three potential issues related to the fabrication of the
CDs should be taken into account: (1) aggregation in larger
clusters can occur preventing the formation of the nano-
materials; this can be avoided by using electrochemical
synthesis, confined pyrolysis or solution chemistry, (2) excessive
heterogeneity of their dimensions should be avoided since the
size strongly influences the luminescence and chemical prop-
erties; this can be performed by post-treatments such as gel
electrophoresis, centrifugation, and dialysis (3) control of the
surface composition and derivatization leads to materials with
different properties such as solubility, photoluminescence and
QY; this can be tuned by varying the synthetic conditions and
the post treatment protocols.

2.1.1. Top-down approaches

Arc-discharge methods. In 2004, Xu et al. isolated a fluorescent
carbon nanomaterial while purifying SWCNTs derived from arc-
discharge soot (Fig. 2). To improve the hydrophilicity of the
material, the authors oxidized the arc soot with 3.3 M HNO; to
introduce carboxyl functional groups, and then extracted the
sediment with a NaOH solution (pH 8.4) to produce a stable
black suspension. The suspension was separated by gel elec-
trophoresis into SWCNTs, short tubular carbons, and a fast
moving band of highly fluorescent material, which was
composed of CDs.””

Laser-ablation methods. Sun et al. produced CDs via laser
ablation of a carbon target in the presence of water vapor with
argon as a carrier gas at 900 °C and 75 kPa.*® Upon post surface
passivation with PEG;son, the final CDs emitted strong and
tunable photoluminescence in both solution and solid states,
depending on the excitation wavelength progressively changing
from 400 nm to 600 nm. Hu et al.*** reported the synthesis and the
passivation of fluorescent CDs by laser irradiation of a suspension
of carbon materials in organic solvent. By selecting organic
solvents, the surface states of CDs could be modified to achieve
tunable light emission. Based on control experiments, the origin

-
l — f'_"

Crude suspension Fluorescent carbon Tubular ca

123-126

Purified SWNTs

Fig. 2 Picture of different fractions of fluorescent carbon under 365
nm UV irradiation and TEM images of short tubule carbon and purified
SWNTSs. Figure adapted from ref. 77 with permission from American
Chemical Society, copyright 2004.
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of the luminescence was attributed to the surface states related to
the ligands on the surface of CDs. In this approach, a pulsed
Nd:YAG laser was used to irradiate graphite or carbon black
dispersed in diamine hydrate, diethanolamine, or PEGygox for 2 h
while under ultrasonication to aid in particle dispersion.

After laser irradiation, centrifugation was used to precipitate
residual carbon powder fragments while CDs remained sus-
pended in the supernatant. These CDs averaged 3 nm in size,
with lattice spacings varying from 0.20-0.23 nm, similar to that
of diamond.”® Kim et al. reported the synthesis of nitrogen
doped CDs, starting from graphite flakes and employing EDTA
as a doping agent. Laser ablation of ethanol solution of graphite
and EDTA produced CDs with a relatively good QY (4.2-9.1%)
and presented a N/C ratio of (7-15%) depending on the soni-
cation power and a dimension around 2 nm."*

Electrochemical synthesis. Electrochemical synthesis of CDs
was first demonstrated by Zhou et al. when they grew MWCNTSs
from scrolled graphene layers on carbon paper by chemical
vapor deposition (CVD). These nanotubes were designed to
serve as the working electrode in an electrochemical cell con-
sisting of a platinum (Pt) wire counter electrode and a Ag/
AgClO, reference electrode with degassed acetonitrile solution
containing 0.1 M tetrabutylammonium perchlorate (TBA +
ClO, ") as the electrolyte. This solution changed from colorless
to yellow to dark brown, which indicated the formation of CDs
with good solubility in various solvents.'*®

Li et al. reported an alkali-assisted electrochemical method
to prepare 1-4 nm CDs with controlled sizes. They were able to
cut a graphite honeycomb layer into ultra-small particles,
obtaining CDs with a narrow size range and thereby offering
a straightforward and facile strategy to prepare high-quality
CDs. Using graphite rods as both the anode and cathode and
NaOH/EtOH as the electrolyte, they synthesized CDs with
a current intensity of 10-200 mA cm 2. The alkaline medium is
the key factor, and OH- groups are essential for the formation of
CDs by this electrochemical oxidation process since the same
procedure performed in an acidic environment did not yield any
CDs."® Another facile electrochemical approach was reported
by Ming et al. for the large-scale synthesis of high-quality CDs
using only pure water as an electrolyte. The obtained CDs
featured a highly crystalline nature, excellent water solubility,
and remarkable down- and up-converted photoluminescence
(PL) properties without extra purification. Moreover, they
demonstrated that CDs possessed high photocatalytic activity
under visible irradiation.”*” The use of a microbial fuel cell
(MFC) to produce CDs was exploited by Liu et al. who used
a graphite rod as the cathode and carbon source. Such CDs
contained a high amount of oxygen on the surface, improving
their PL properties, and were exploited to prepare a photo-
catalytic ink to target pollutant degradation and for H, gener-
ation. The CDs adhered to normal paper and efficiently
degraded Rhodamine B under visible light. When the CDs were
instead employed in a MFC for hydrogen production they
showed good performance under visible light irradiation.™*

2.1.2. Bottom-up approaches

Combustion/acidic oxidation methods. Liu et al. first reported
that fluorescent CDs can be obtained from the combustion soot

Nanoscale Adv., 2021, 3, 5183-5221 | 5185
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of candles after refluxing with oxidative acid.* A glass plate
placed over a burning candle was used to collect the hydro-
phobic soot, which could be turned hydrophilic by means of
HNO; treatment. The suspension was purified by electropho-
resis, revealing the presence of three bands, the first one con-
sisting of nine fast-moving fluorescent smaller bands with
different emission spectra. This study indicated that the fluo-
rescence emission of CDs is size-dependent and/or charge-
dependent.

This candle-burning approach was also followed by Ray et al.
The candle soot was similarly collected and refluxed with 5 M
HNO; for 12 h. The particle suspension was then precipitated by
adding acetone and centrifuging at 14 000 rpm for 10 minutes.
Size separation was achieved by fast centrifugation; the particles
were centrifuged at different speeds and the solids were
collected every time. At 8000 rpm precipitate was no longer
observed and the supernatant contained CDs with particle sizes
in the 2-6 nm range. Precipitates at lower centrifugation speeds
contained large carbon nanoparticles of 201-350 nm in size.
The 2-6 nm CDs were found to be graphitic, according to the
lattice spacing in HRTEM images, and exhibited high PL
quantum yields in comparison with the larger particles.'*

In a further study, Tian et al. purified CDs from the
combustion soot of natural gas. By inverting a glass beaker
above the flame of a natural gas burner, they were able to collect
around 100 mg of soot, which was then refluxed in 5 M HNO;
for 12 h, followed by centrifugation and dialysis to afford
purified CDs. The purified CDs exhibited PL with a A
maximum of 310 nm and an emission wavelength (Aem)
maximum of 420 nm. High-resolution transmission electron
microscopy (HRTEM) showed CDs with an average diameter of
(4.8 £ 0.6) nm and with crystalline lattices consistent with
graphitic carbon.’®® >C NMR and FT-IR measurements also
revealed the presence of sp® carbon and carboxylic/carbonyl
moieties, thus leading the authors to conclude that the CDs
consist of a nanocrystalline core featuring graphitic sp* carbon
atoms and a surface functionalized with carboxylic/carbonyl
moieties."*!

Acidic oxidation is another popular method to prepare CDs.
Typically, in this process strong acid treatment of carbon
precursors is conducted at high temperature. Leblanc's group
reported an acidic oxidation route for converting carbon powder
into CDs, in which a mixture of sulfuric acid, nitric acid and
carbon powder was refluxed at 110 °C for 15 h."*® After cooling,
CDs were successfully obtained as a black powder. Qian et al.
reported a mild and facile synthesis of CDs from the mixed acid
treatment of activated carbon.'*' In their synthesis, a reaction
temperature of 80 °C was used and the purified product could
be obtained by dialysis.

More recently, our group synthesized CDs from black tea
using acidic oxidation. This synthesis is simple and economical
because of the selection of an inexpensive carbon source. CDs
are synthesized with a narrow size distribution, tunable optical
properties covering visible to deep red absorption, non-toxicity
and easy synthesis for large-scale production. These CDs are
utilized to label subcellular structures such as exosomes. More
importantly, these new CDs can escape lysosomal sequestration

5186 | Nanoscale Adv,, 2021, 3, 5183-5221

View Article Online

Review

and rapidly distribute in the cytoplasm to release doxorubicin
(DOX) with better efficacy than the free drug at low pH, similar
to the tumor microenvironment.>

Park et al. employed a different acidic treatment for tuning
the PL of the CDs employing tomatoes as the precursor. The
biomass was first lyophilized and then treated with H,SO,, or
H;PO, at room temperature or at 80°. The syntheses yielded
CDs with a blue, green and yellow emission and a high
biocompatibility towards HeLa cells. Furthermore, all the
samples were employed as sensors for Fe*", with the blue CDs
demonstrating the best performances with a detection limit of
0.016 pM.'"?

Thermal/hydrothermal/solvothermal = methods. the
synthesis of CDs, thermal/hydrothermal or solvothermal treat-
ments are the most employed bottom-up procedures due to
their low cost, easy feasibility, environmental friendliness and
applicability with various renewables carbon sources.''®*1%143-146

In general, with the thermal method organic precursors are
first pyrolyzed at high temperature (i.e. 200-400 °C) without
solvent for hours or days under air or inert gas yielding
a carbonized solid. Next the CDs are recovered using water or
other suitable solvents and purified by filtration or dialysis.
However, this thermal method can only be applied for organic

For

precursors having a melting point lower than the working
temperature. Compared with this pyrolytic decomposition
method, both the hydrothermal or solvothermal procedures are
typically carried out in the presence of water or organic solvent
in a pressure reactor at lower temperatures (i.e. 50-300 °C) and
shorter reaction times (minutes or hours). In the solvothermal
carbonization the CDs are recovered by extraction with an
organic solvent followed by a concentration/evaporation step.*
By using the solvothermal method, Bhunia et al. synthesized
two kinds of CDs, hydrophobic and hydrophilic with diameters
<10 nm from the carbonization of carbohydrates.*> The hydro-
phobic ones were produced by mixing the carbohydrate with
octadecylamine and octadecene before heating to 70-300 °C for
10-30 minutes. The hydrophilic ones instead were produced in
water in a wide range of pH after heating at 80 °C for 1 hour,
with the final materials presenting interesting yellow and red
emissions. Generally, hydrothermal or solvothermal methods
are simple and the obtained CD suspension can be used
without further purification.

Despite the difficulties to accurately rationalize the
morphology and the photoluminescence properties of the CDs
made by thermal or solvothermal methods, generally large
carbogenic structures with low luminescence are obtained by
pyrolysis while nanoscopic particles with strong photo-
luminescence are obtained with the hydrothermal or sol-
vothermal methods. These differences can be ascribed mainly
to the degree of carbonization reached during the synthesis
and, therefore, to their different molecular-, amorphous- or
graphitic-like nature (see chapter below).

One of the first examples of the thermal synthesis of CDs was
reported by Giannelis' group in 2008.*7'*® The authors
demonstrated the applicability of the pyrolytic procedure by
heating different ammonium citrate salts or 4-aminoantipyrine
at 300 °C for 2 h in air leading to the formation of both

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrophilic and lipophilic surface-functionalized carbogenic
nanoparticles. These nanoparticles possessed an average size
<10 nm, were highly dispersible in organic or aqueous solvents
(depending on their surface functionalization) and emitted
light in the visible when excited at different wavelengths. By
extending the procedure to neat citric acid a completely insol-
uble carbogenic solid was obtained. Recently, Guo et al. devel-
oped a simple and low-cost approach to synthesize highly
fluorescent CDs, by a one-step hydrothermal treatment of
sodium citrate and ammonium bicarbonate in water. Experi-
mental investigation confirmed that NH,HCO; decomposed to
CO, and NH; that conferred high pressure into the reaction
medium, and thus facilitated the decomposition of sodium
citrate into small nanoparticles that produced the CDs. These
CDs had an average size of 1.59 nm and exhibited a high PL
quantum yield (68%) as well as good photostability. XPS
confirmed the presence of carboxyl and hydroxyl groups on the
surface of the CDs and they were found to be very stable at
a high concentration of ionic solution, and could be used to
detect mercury ions in aqueous solution with good selectivity
and sensitivity."” Generally, in all the preceding cases the
synthesis involves the carbonization of the reagents (via dehy-
drogenation, decarboxylation and further polymerization reac-
tions) leading to a complex carbonaceous material formed by
amorphous aggregates and carbogenic structures having sp*/
sp® carbon domains decorated with ~OH, ~-COOH, -COOR, and
amino derived functional groups.'®* Nowadays, citric acid is
effectively considered the most common starting material for
the thermal or hydrothermal synthesis of highly luminescent
CDs, especially in combination with other heteroatom-doping
reagents, such as nitrogen- or sulfur-containing
compounds.**5-1%°

In 2014, Guo's group demonstrated the possibility of
producing water soluble CDs using only citric acid (treatment at
180 °C for 2.5 h) as an organic precursor by suspending the
resulting insoluble carbogenic solid in water, adjusting the pH
to 7.0 using NaOH and thus forming Na'-functionalized CDs
(Fig. 3).**

Following these preliminary investigations, further
improvements of this methodology have been carried out in
Reisner's group by increasing the heating time up to 40 h at 180
°C, thus avoiding the purification step to remove the residual
citric acid.’ These amorphous CDs (a-CDs) had an average
diameter of 6.8 + 2.3 nm and low crystallinity, consisting
predominantly of an amorphous carbon core with regions of

Citricacid =
Sodium-functionalized
CQDs (Na_CQDs)

Carbon quantum dots

(caps)

Fig. 3 Schematic illustration for the fabrication of Na*-functionalized
carbon quantum dots (Na-CQDs). Figure reproduced from ref. 151
with permission from Royal Society of Chemistry, copyright 2014.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphitic carbon and carboxylate functionalities on the surface.
Graphitic CDs (g-CDs) with an average size of 3.6 + 1.0 nm were
also prepared via a higher temperature pyrolysis of citric acid.*>
In brief, the precursor was heated in air at 180 °C for 40 h and
then at 320 °C for 100 h during which full graphitization occurs.
Furthermore, they extended this thermal procedure to produce
graphitic nitrogen doped CDs (g-N-CDs) with a narrow size
distribution and a small average diameter of 3.1 + 1.1 nm by
using aspartic acid in air at 320 °C (required for the decompo-
sition of the reagent) for 100 h.**® The resulting “nitrogen-
doped” carbon dots are quasi-spherical with a nanocrystalline
graphitic N doped core with carboxylates as the primary surface
functionality (Fig. 4).

Very recently, Perosa's group synthesized amorphous and
graphitic non-doped or N-doped CDs by two different prepara-
tion methods - hydrothermal and pyrolytic - and from two sets
of reagents — neat citric acid and citric acid doped with dieth-
ylenetriamine (Fig. 5).**

They demonstrated that the hydrothermal syntheses yielded
amorphous CDs, either non-doped (a-CDs) or nitrogen-doped
(a-N-CDs) while the pyrolytic treatment afforded graphitic CDs,
either non-doped (g-CDs) or nitrogen-doped (g-N-CDs). The
morphology, structure and optical properties of the four
different types of CDs were also determined, revealing signifi-
cant differences depending on the synthetic pathway. The CDs
were then employed as photosensitizers in an organic reaction,
demonstrating excellent performance depending on their
structure and synthetic pathway.*>**>*

Zhu et al. fabricated nitrogen-doped citric acid derived CDs
by a hydrothermal method. Citric acid and ethylene diamine
were dissolved in deionized-water and heated at 200 °C for 5 h
in a Teflon-lined autoclave. The reaction occurred by first
condensing citric acid and ethylene diamine, whereupon they
formed polymer-like aggregates, which were then carbonized to
form the CDs. The quantum yield of these N-doped CDs reached
80.6% at an excitation wavelength of 360 nm, nearly equal to
that of most semiconductor QDs and fluorescent dyes.'*

More recently, Lu et al. synthesized N-CDs with an average
size of 2.6 nm using a one-pot hydrothermal treatment with

0 o
o0 © o0 9

a-CD/g-CD (A = 180/320°C) g-N-CD (A = 320°C)

Fig. 4 Schematic representation of amorphous or graphitic CD
structures obtained by the thermal decomposition of citric (a-CDs and
g-CDs) or aspartic (g-N-CDs) acids. Picture of different fractions of
fluorescent carbon under 365 nm UV irradiation and TEM images of
short tubule carbon and purified SWNTSs. Figure reproduced from ref.
148 with permission from Wiley, copyright 2017.
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} Pyrolysis

O
N

COOr

a-N-CDs

¢-N-CDs

Fig.5 Schematic representations of the four CDs studied in this work:
purely carbogenic (a-CDs, g-CDs) or N-doped (a-N-CDs, g-N-CDs)
obtained by a hydrothermal method (180 °C, hours, water) or ther-
molysis (220 °C, days, neat) of citric acid with or without diethylene-
triamine as a doping agent. Figure reproduced from ref. 153 with
permission from American Chemical Society, copyright 2018.

citric acid as the carbon source in the presence of poly-
ethylenimine (PEI) as a simultaneous nitrogen dopant and
surface passivation agent. N-CDs synthesized emitted a strong
blue luminescence with a QY of 51%. The N-CDs exhibited
excellent photostability and low cytotoxicity making the N-CDs
promising optical nanoprobes for real-time live-cell imaging.
Moreover, their small size and the surface positive charge
rendered by the polyethylenimine (PEI) endow them with the
ability to cross the blood-brain barrier (BBB), making them
potentially useful in traceable drug delivery in brain
disorders."*

The second prominent heteroatom which is included into
the structure of CDs is sulfur. Aside from limited examples,
where only sulfur was reported to be doped into CDs,"”**® most
studies focus on their co-doping with nitrogen, in order to
improve the optical properties of the CDs, in particular their PL
QY. Dong et al. synthesized nitrogen-sulfur co-doped CDs via
a one-pot hydrothermal treatment of citric acid and r-cysteine at
200 °C (PL QY of 73%)."*°

Aside from citric acid, another approach towards the
synthesis of N-doped CDs was recently reported by Jiang et al.,
who synthesized color-tunable CDs by heating phenyl-diamines
in ethanol at 180 °C for 12 h (Fig. 6). The difference in func-
tional group configuration from ortho, to meta and para
changed the emission color of the resulting CDs from green, to
blue to red.**

In recent years, more work has been carried out to find other
bio-based precursors (glucose,’>**"* sucrose,'*® fructose,'*
ascorbic acid,"™ polyols,'** polymers,'®>'*® amino acids,"'®”'*®
proteins,’*®*’°  natural = products,*>'***7*"*7*  and  some
wastes'”>'7%) to synthesize CDs. In this context, Zhang et al.
reported a high-yield synthesis of hydrophilic CDs by controlled
carbonization of sucrose. Green luminescent CDs and non-
luminous CDs were effectively separated by dialysis. After
surface functionalization with PEG,(on, the non-luminous CDs
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Fig. 6 (a) Preparation of the red, green and blue (RGB) PL CDs (CDs)
from three different phenylenediamine isomers (i.e., oPD, mPD and
pPD); (b) photographs of m-CDs, o-CDs, and p-CDs dispersed in
ethanol in daylight (left), and under A = 365 nm UV irradiation (right).
Figure adapted from ref. 160 with permission from Wiley, copyright
2015.

emitted blue fluorescence.” Another one-step synthetic route
in which the CDs were synthesized from the hydrothermal
oxidation of carbohydrates (glucose/sucrose/starch) with acid/
alkali additives, was reported. Addition of HCl enhanced
emission of the CDs at longer wavelengths while NaOH
enhanced the emission of CDs at shorter wavelengths. The
authors proposed that these additives induce different defects
on the surface of the CDs which act as surface energy traps that
result into the different PL behaviors. These CDs exhibited NIR
emission excited by NIR excitation as well as up-conversion PL
properties. The elemental analysis showed that they contained
predominantly elemental carbon and oxygen. It was also
revealed that the functional carboxyl and hydroxyl groups on
the surface of these CDs made them dispersible in water.**
Fluorescent CDs with a diameter of about 2.0 nm were
prepared directly via a simple hydrothermal method by using -
ascorbic acid as a carbon source. The solvent used in the
dissolution of the acid was investigated and proved to have
a strong link with the CD PL. Ethanol proved to be the best as it
provided a reaction medium for the uniform growth of the
nanoparticles due to its ability to cap and inhibit the aggrega-
tion of the nanoparticles. In contrast to the previous methods,
no strong acid or further surface modification was needed for
the preparation. The CDs had uniform shapes and sizes in the
range 2.0-2.5 nm and were water soluble and exhibited A
dependent emission. Experiments revealed that the emission of
these CDs exhibited good stability in reaction media of high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ionic concentrations that could be tuned by adjusting the pH.***
Water-soluble and well-crystallized CDs with a lateral size of
about 3.0 nm were also fabricated by a hydrothermal cutting
method."® The atomic force microscopy (AFM) observation of
the CDs deposited on a mica substrate shows a narrow height
distribution from 1.5 to 1.9 nm, suggesting that the CDs typi-
cally consist of 2-3 graphene layers.

In order to favor the formation of biocompatible nano-
structures suitable for medical applications and to avoid the
formation of harmful chemical compounds, Cailotto et al
hydrothermally synthesized monosaccharide-derived CDs
starting from fructose, glucose and ascorbic acid, without any
passivating or doping additives."®® These CDs were character-
ized from a morphological, chemical and toxicological point of
view and their potential application as drug nanocarriers was
tested using doxorubicin as a model drug. Interestingly, the
cytotoxicity of the CDs was affected by the choice of the starting
materials; CDs synthesized from fructose were found to be toxic
while high biocompatibility was observed starting from glucose
or ascorbic acid. Their drug loading capabilities were evaluated
indicating the crucial role of the CD morphologies, rather than
the surface functional groups, in controlling the doxorubicin
uptake. With the more suitable glucose derived CDs, the
authors found up to 28%,, of drug loading.

Zhou et al. reported large-scale CD preparation starting from
watermelon peel. The fresh peel was carbonized at 220 °C for 2 h
under an air atmosphere, filtered, centrifuged and dialyzed
yielding highly luminescent CDs with a blue fluorescence, good
water-solubility, small particle size, and good stability in a wide
range of pH values and at a high salt concentration.'®® Passiv-
ation enabled their use in biological applications, such as in
vivo bioimaging and as bioprobes, as it introduced specific
function on the surface of the nanomaterial.'®*

Sahu et al. prepared highly photoluminescent CDs with
a quantum yield (QY) of 26% in a one-step hydrothermal
treatment of orange juice followed by centrifugation.'®® These
CDs with sizes of 1.5-4.5 nm were applied in bioimaging due to
their high photostability and low toxicity. Yang et al. reported
a one-step synthesis of amino-functionalized fluorescent CDs by
hydrothermal carbonization of chitosan at 180 °C for 12 hours.*
These CDs are demonstrated as excellent probes as bioimaging
agents.

Microwave methods. Microwave heating has become impor-
tant in synthetic chemistry. Compared with other methods it is
more convenient and rapid to heat the carbon precursors and it
simplifies the synthesis yielding CDs readily within a few
minutes and with higher yield. Multicolor luminescence has
been achieved by microwave synthesis of CDs using dextrin as
a starting material in the presence of sulfuric acid. This solution
was microwave heated for 2.5 min at 800 W and a light brown
supernatant was obtained along with a black precipitate. The
solution containing the CDs was centrifuged to obtain a clear
solution. The obtained CDs were characterized using different
techniques and the luminescence spectra showed that the
particles attained multicolor luminescence without any
requirement for surface-passivating agents. The quantum yield
was between 5 and 9%."*® This multicolor luminescence might
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be very helpful in the field of bioimaging. Wang et al. presented
a facile one-step microwave assisted approach to prepare water-
soluble phosphorus-containing CDs with strong green fluores-
cence. In this synthesis, 2 mL of 70% phytic acid and 1 mL
ethylene diamine were mixed in 25 mL ultrapure water, and
then heated for about 8 min in a domestic 700 W microwave
oven. Notably, these CDs present two-peak emissions when
excited at low wavelengths; however at high excitation wave-
lengths (360-460 nm), only one emission peak at 525 nm was
observed. The highest quantum yield of the resulting phos-
phorus-containing CDs was about 21.65%.'%”

Qu and co-workers reported a one-step microwave heat
treatment of carbohydrates to synthesize multicolored photo-
luminescence CDs without any surface passivation reagents.
Glycerol was mixed with phosphate solution and subjected to
microwave heating for 14 min to generate the CDs. The PL
showed that the emission spectra were broad and ranged from
blue to yellow depending on the excitation wavelength. The CDs
possessed carboxyl and hydroxyl moieties that enhanced their
hydrophilicity and stability in aqueous systems, shown by their
ability to maintain PL intensity even with increased ionic
strength. The obtained CDs were biocompatible and were found
to be promising in biolabelling and bioimaging. This work has
also demonstrated that inorganic ions were able to effectively
promote the carbonization of carbohydrates.®®

Ding et al. reported the synthesis of N and S co-doped CDs by
employing 1,6-hexanediamine dihydrochloride dissolved in
DMSO as the only precursor. After 30 min of microwave irra-
diation the CDs were obtained and purified by dialysis and
freeze drying. The nanomaterial exhibited a respectable QY of
24% and presented an emission ranging from blue to orange.
The N,S-CDs were successfully employed in the detection of
MnO, " and Cr,0,”" and showed excellent biocompatibility.**®

Jaiswal et al. developed a simple one step microwave medi-
ated synthesis of CDs using biocompatible PEG as a sole source
of carbon and a passivating agent.”® An aqueous PEG solution
was irradiated for 10 min to generate the amorphous CDs with
an estimated average size of 3.6-5.4 nm. The obtained CDs were
compliant to size separation by gel electrophoresis, and
possessed high photostability, which was confirmed by their
ability to maintain luminescence under extended irradiation.
Zhu et al. synthesize CDs by combining PEG,, and a saccharide
(for example, glucose, and fructose) in water to form a trans-
parent solution, followed by heating in a 500 W microwave oven
for 2-10 min. The solution turned from colorless to dark brown
over the course of the reaction. The reaction time plays a crucial
role in determining the properties and size of the CDs, in fact
longer heating times result in CDs enlarging slightly and
emitting at longer wavelengths. For example, the average CD
diameters were (2.75 £ 0.45) nm and (3.65 + 0.6) nm for heating
times of 5 and 10 minutes, respectively. Without the addition of
PEG, besides the same color change, the nanomaterial obtained
presents a weak and irregular PL.'*

In order to enhance the PL properties of the CDs, their
doping with boron and nitrogen was achieved by employing
urea and boric acid in combination with citric acid. The
microwave irradiation of this mixture led to CDs with a mean
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diameter of 2 nm and a QY between 15 and 30%. Their strong
luminescence was exploited for the investigation of energy
transfer with photosynthetic pigments. The experiments reveal
that the emission of the CDs was quenched by the pigments,
meaning that an energy transfer process between the two
species was involved. This phenomenon allows the increase of
the spectrum range in which the photosynthetic pigment can
absorb light, enhancing their photocatalytic activity.**

Very recently, Prato and co-workers prepared and charac-
terized a redox library of amino doped CDs with tunable
oxidation/reduction properties starting from commercially
available quinones, arginine and ethylene diamine highlighting
their potential applicability as photocatalysts.””> These CDs
were prepared by microwave irradiation (240 °C, 26 bar and 200
W for 180 seconds) of an aqueous solution of the precursors,
followed by dialysis. In all cases, after the hydrothermal treat-
ment, the colour of the reaction mixture turned dark brown as
a result of the formation of CDs. Benzoquinone, naph-
thoquinone-, and anthraquinone-based carbon nanodots
exhibited interesting electrochemistry with oxidation potentials
between +1.48 V and +0.98 V vs. SCE and reducing potentials in
the range —1.52 V and —2.05 V vs. SCE (Fig. 7).

By extending this microwave assisted multi-component
synthetic approach, the Prato group prepared the first example
of chiral CDs (CNDs-R or CNDs-S) by using arginine, as the core
precursor, and (R,R)- or (S,S)-1,2-cyclohexanediamine (CHDA) as
the chiral surface precursors (Fig. 8).** These particles, with
a mean particle size around 3 nm, are highly soluble in water
and display a mirror-image profile both in the UV-Vis and in the
infrared regions, as detected by electronic and vibrational
circular dichroism, respectively. The origin of chirality was
ascribed to the presence of numerous cyclohexanediamine
moieties around the carbon-based amorphous core. The
authors used the chiral nanodots as templates for the prepa-
ration of porphyrin based supramolecular assemblies thus
opening the way for developing a variety of new chiral
composite materials and applications.
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Fig. 7 (a) Bottom-up synthesis of the quinone derived amino doped
CDs. (b) Redox potentials of the CDs (with the structures of the cor-
responding starting quinones employed as precursors). Figure adapted
from ref. 192 with permission from Wiley, copyright 2018.
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Fig. 8 Design and synthesis of chiral carbon nanodots. Chiral CNDs
were synthesized starting from (R,R)- or (S,5)-1,2-cyclohexanediamine
and arginine, under hydrothermal microwave-assisted conditions (240
°C, 70-110 psi, 200 W for 180 s). Figure adapted from ref. 193 with
permission from Nature Publishing Group, copyright 2018.

Ultrasonication methods. The ultrasonication method is
a process in which the ultrasonic waves produce alternating
expansion and compression in a reaction solution, resulting in
the growth and implosive collapse of bubbles irradiated with
the waves. The mechanism causes high speed interparticle
collisions, which can change the morphology, composition, and
reactivity of the particles. When integrated with carbonization,
the energy of the ultrasonic waves generates intermediates that
can be further carbonized to generate very small CDs. Li et al.
described a simple synthesis of CDs from glucose or active
carbon by using an ultrasonic treatment method."”*** Such
monodispersed water-soluble fluorescent CDs could emit bright
and colorful PL covering the entire visible-to-NIR spectral range.
Notably, the NIR emission of CDs could be obtained by NIR
excitation. Furthermore, the CDs had excellent up-conversion
fluorescence properties.*"”

2.2. Chemical composition and structure

C, H, and O are the three main elements present in CDs, in
varying ratios. The introduction of heteroatoms has been
studied to tune the conduction/valence band position, which
confers additional functions.*****”*** For example, the quantum
yield (QY) of CDs could be significantly improved by incorpo-
rating nitrogen while CDs with a wide band gap could be
synthesized by incorporating sulfur.**®***'5*%” Furthermore, P-
doped CDs showed green fluorescence, which could be utilized
as an imaging signal with a low background.'®”**'** Other
heteroatoms such as Cl and B could also be incorporated into
CDs by changing the synthetic methods or starting
materials.?*%**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Along with the elemental composition, the morphology of
CDs may also be affected by both the preparation methods and
the nature of the precursors. For instance, the CDs prepared by
“top-down” approaches are composed of nanocrystalline cores
with predominantly graphitic or turbostratic carbon (sp*
carbon) or graphene, and graphene oxide sheets fused by dia-
mond-like sp® hybridized insertions. Hu et al. reported that the
selected-area electron-diffraction (SAED) experiments on CDs
with a size of about 3 nm prepared by laser ablation with surface
modification revealed a ring pattern, with the ratio of the
squares of the ring radius of 3:8:11:16:19. This implies
a diamond-like structure, with the rings respectively corre-
sponding to the (111), (220), (311), (400), and (331) planes of
diamond.*® This feature is retained also in the case where
PEG,00n is not employed as the passivating ligand. The lattice
spacing observed was 0.2-0.23 nm and is, in fact, quite close to
the (100) facet of graphite. The lattice fringes of the diffraction
planes of diamond-like and graphitic carbon lie very close to
one another, thus rendering unambiguous assignment difficult
without other corroborating evidence. Additionally, Ray et al.
found that the CDs prepared from oxidizing candle soot had
0.208 nm lattice spacing, which suggests sp® diamond-like
carbon or sp® graphitic carbon.™® By '*C NMR analysis, Tian
et al. confirmed the presence of sp> carbon with signals in the
0 =90-180 ppm range, while the absence of signals in the 6 = 8-
80 ppm confirms the absence of any detectable aliphatic
moieties. Furthermore, FTIR measurements also confirmed the
presence of C=C aromatic ring stretches. Therefore, the
authors concluded that these CDs consisted of a nanocrystalline
core of graphitic sp> carbon atoms functionalized with periph-
eral carboxylic/carbonyl moieties.’® One-step thermal decom-
position reactions of citrate salts produced CDs with a size of 7
nm, whose XRD patterns were indicative of disordered carbon
alongside the respective passivation agent."* The XRD pattern
of CDs made from octadecylammonium citrate shows two
superimposed broad reflections: one centered at 4.3 A and
a sharper peak at 4.14 A, which are indicative of disordered
carbon and densely packed alkyl groups arising from the octa-
decyl chains, respectively. The XRD pattern of CDs prepared by
the supported method displayed a sharp, low-intensity reflec-
tion centered at dyy, = 3.3 1&, which was very close to the
graphite (002) lattice spacing.'” However, the XRD pattern of
the hydrophilic CDs (prepared by controlled carbonization of
sucrose) showed an (002) interlayer spacing of 4.2 A, which is
larger than that of bulk graphite (3.3 A), indicating poor crys-
tallization."” The nanocrystalline core may also contain super-
ficial carboxyl moieties, which impart excellent water solubility
and suitable chemically reactive groups for further functional-
ization and surface passivation with various organic, polymeric,
inorganic or biological materials to CDs.*** Upon surface
passivation, the fluorescence properties of CDs are enhanced.
Surface functionalization also modifies their physical proper-
ties, like their solubility in aqueous and non-aqueous
solvents.®"2%

Unless otherwise modified, oxidized CDs generally feature
carboxylic moieties on the surface, with overall oxygen contents
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ranging from 5-50 weight (wt) %, depending upon the experi-
mental conditions used."®

Over the last few years, comprehensive research has been
carried out to clarify the exact structures of the CDs prepared by
“bottom-up” methods. In general, the morphology of such CDs
consists of a complex mixture of crystalline or graphitic-like
carbogenic cores, amorphous polymeric-like compounds, and
even small molecular-like fluorophores.>*>° Moreover, the
actual degrees of carbonization, size and morphology of the
CDs depend on the kind of bottom-up method (thermal/
hydrothermal/solvothermal, microwave or ultrasonication), and
on the reaction conditions (i.e. the nature of the precursors,
solvents, the time, the temperature and the presence of doping
heteroatoms). Currently, citric acid (CA) is the most common
source for the synthesis of highly luminescent CDs, especially in
combination with other doping reagents, such as nitrogen-
containing compounds.****** Overall, while the harsh pyrolytic
conditions result in the production of CDs with a graphene-like
sub-structure, the mild hydro-solvo-thermal procedures often
lead to the synthesis of molecular fluorophores and amorphous
CDs.

In 2012 Dong et al. demonstrated that a moderate or harsh
thermal decomposition of citric acid resulted in the production
of two different CDs with either an incomplete or a complete
graphene-like structure respectively. In brief, after moderate
pyrolysis (30 min, 200 °C), the citric acid can be partially
carbonized to form nanosheets (graphene quantum dot (GQDs))
containing abundant, small but uniform sp? clusters. The GQDs
show a strong and excitation-independent photoluminescence.
By heating the same reaction mixture for a longer time (120 min
at 200 °C) full pyrolysis occurred forming larger nanosheets (i.e.
graphene oxide (GO)). The GO contained abundant small sp*
clusters isolated within the sp®> C-O matrix. These sp> clusters
should be non-uniform in size and poorly passivated, resulting
in a weak and excitation-dependent PL activity.>*

A similar study conducted by Wang et al. on the decompo-
sition of citric acid confirms that by increasing the pyrolysis
temperature and time, larger particles will be constructed which
possess low luminescence. Only at relatively lower temperatures
(180 and 200 °C) and shorter times, sufficient quantities of
highly luminescent uniformly sized CDs were formed which
therefore exhibit a strong excitation-independent photo-lumi-
nescence. The authors suggest that in the first instance, the
reaction proceeds towards the nucleation of some molecules of
citric acid producing highly fluorescent materials, which
further evolve through crosslinking and stacking forming
extend amorphous and crystalline carbon domains.**®

Mild pyrolysis (180 °C, 30 min) has been applied also to the
synthesis of heteroatom doped CDs revealing the presence of
molecular fluorophores; under more severe conditions (up to
400 °C for 1 h or 320 °C for 100 h) a carbogenic-heteroatom
doped core was observed.”™* Specifically, the reaction between
citric acid and ethanol amine was carried out at different
temperatures of 180, 230, 300 and 400 °C. Under mild condi-
tions, no CNPs were detected notwithstanding the highly fluo-
rescent nature of the final solution. NMR and ESI-MS analyses
reveal the molecular nature of the solution and some molecular
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fluorophores were also identified. By increasing the reaction
temperature, the formation of small spherical nanoparticles
and progressive decrease of the QY (Fig. 9) were observed. The
data suggest that the fluorophores produced at a low tempera-
ture are used as building blocks for the synthesis of CDs at
a higher temperature.

Besides pyrolysis, also mild hydrothermal/microwave
procedures have been used for the synthesis of heteroatom
doped CDs. For example, Song et al. demonstrated that the
hydrothermal treatment of citric acid and ethylene diamine at
low temperatures produces a mixture containing carbon cores,
oligomers and molecular fluorophores.>** The authors identi-
fied 1,2,3,5-tetrahydro-5-oxo imidazo[1,2-a]pyridine-7-carbox-
ylic acid (IPCA), a bright blue fluorophore (Scheme 1a), which
was found to exist individually or bonded to the carbon core and
thus to strongly affect the luminescence properties of the
nanoparticles. IPCA was then used in hydrothermal synthesis at
two different temperatures, confirming how the temperature
influences the degree of graphitization. From these experi-
mental findings, the authors hypothesised the presence of
a chemical equilibrium between IPCA and carbon cores with
polymer clusters acting as a transition state. Accordingly, the
synthetic outcomes could be affected by many factors such as
the reagent ratio, initial pH and temperature. For the latter they
demonstrated that molecules/oligomers were dominant in the
CDs prepared at lower temperatures while the carbon cores
prevailed in the CDs prepared at high temperatures.

Since then, many molecular fluorophores have been detected
in solution during the synthesis of CA-derived CDs. TPCA and
TPDCA organic fluorophores (Scheme 1b) were the main
ingredients and the fluorescence origins of N,S-CDs synthesized
by hydrothermal treatment of CA with L-cysteine or cysteamine
at low temperatures (200 °C) for 3 h.>*

Fluorescent derivatives of citrazinic acid (Scheme 1c) were
also identified, which are likely to constitute molecular species
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Fig.9 Schematic representation of the emission characteristics of the
photoactive species produced from the thermal treatment of mixture
of CA and EA. The organic fluorophores (blue groups) and the car-
bogenic core (black sphere). Figure adapted from ref. 211 with
permission from American Chemical Society, copyright 2012.
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either free or bonded to the carbonized nanoparticles, in the CD
material formed by hydrothermal treatments of CA with hexa-
methylenetetramine at 200 °C for 5 h.>*® The authors further
compared the optical properties of different CD species
demonstrating the significant differences between samples
predominantly composed of the carbon core and those con-
taining molecular derivatives of citrazinic acids.

Many other recent contributions further describe the sepa-
ration and characterization of different fluorophore molecules,
arising from the synthesis of CDs, leading to a deeper under-
standing of the existing relationship between the structural
composition and the optical properties of the CDs as clearly
described in the following section.

2.3. Optical properties

2.3.1. Absorbance. CDs typically show strong optical
absorption in the UV region, with a tail extending out into the
visible range (Fig. 10).”®

Most of the CDs, such as those prepared by laser-passiv-
ation,'® electrochemical oxidation,® or microwave/ultrasonic
method,***** have an absorption band around 260-320 nm.
The several shoulder peaks in UV absorption spectra are
generally attributed to the w-m* transitions of aromatic rings
and C=C double bonds or to the n-m* transitions of C=0
bonds or other sub-fluorophore groups.**> However, the absor-
bance of CDs was found to increase to a longer wavelength (350-
550 nm) after surface passivation with 4,7,10-trioxa-1,13-tride-
canediamine (TTDDA).>**

2.3.2. Photoluminescence

Origin of photoluminescence. One of the most fascinating
behaviors of CDs, from a fundamental viewpoint of application,
is their photoluminescence (PL). Although the exact mechanism
which generates the light absorption and emission for CDs is
still an open issue, the more reasonable hypotheses attribute it

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Absorption and emission spectra of PPEI-El passivated CDs in
water with increasing Aex from 400 nm on the left with 20 nm incre-
ments. Inset: emission intensities normalized to quantum yields.
Figure adapted from ref. 58 with permission from American Chemical
Society, copyright 2006.

to the morphology and to the chemical/physical properties of
the CDs. In summary, these are the three possible origins of PL:

(i) The first is the quantum confinement effect, which is
determined by the degree of 7t conjugation and by the size of the
carbon core. This type of PL, which arises from a band-edge
recombination, is commonly observed in the homologous
“metal based” quantum dots and confers to the carbon-based
nanoparticles a size-dependent, excitation-independent, and
a very narrow emission band.

(ii) The second type of emission is generated by the surface
states, which are determined by surface defects, functional
groups, and surface passivation of the carbogenic core. In this
case the superficial defects trap the photoexcited electrons and/
or holes in the band gap thus generating PL with lower energy.
The resulting PL is a combination of the first two types of
mechanisms leading to a luminescence with an ill-defined
behavior and strongly dependent on the synthetic procedure
used.

(iii) The third is the molecule state type which is associated
with the presence of fluorophores in the CDs. In this case,
neither quantum confinement nor surface defect effects exist,
and the luminescence is solely a consequence of the superpo-
sition of several “molecular” type emissions. PL is therefore
size-independent, and excitation-dependent and exhibits a very
broad emission band.

The photoluminescence properties of the carbon dots are
therefore strictly correlated with their intrinsic structure and
consequently to the synthetic procedure used. Despite the
difficulties to determine the actual origin of luminescence and
to further classify the CDs based on their exact morphology, in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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general the first two PL mechanisms are invoked for “graphitic-
like” CDs synthetized via both top-down or harsh bottom-up
approaches (i.e. pyrolysis) while the third for “amorphous-like”
CDs prepared through soft hydro/solvothermal bottom-up
treatments. Herein, recent studies on the PL properties of CDs
will be discussed.

Based on the origin of PL described above, the PL activity of
graphitic-like CDs can be easily tuned by modifying both the
core size and the nature of the functional groups.

In 2010, Li et al. presented clear evidence for luminescence
arising from quantum-confinement effects and size-dependent
optical properties of CDs prepared by an alkali-assisted elec-
trochemical method starting from a graphite honeycomb.'*
Fig. 11a shows the optical images of CDs of four sizes, illumi-
nated by white and UV light. The bright blue, green, yellow, and
red PL of CDs is strong enough to be seen with the naked eye
and the respective PL spectra are shown in Fig. 11b. The
dimensions of the CDs increase the PL range from UV to NIR
emission as shown in Fig. 11c.

The PL behavior was also retained after the plasma treat-
ment for the removal of surface oxygen. Theoretical calculations
performed on the CDs reveals that the HOMO-LUMO gap
depends on the size of the graphene fragments. As the size
increases, the gap energy decreases gradually, reaching the
visible spectral range with CDs of 14-22 A diameter, which
agrees well with the visible emission of CDs with diameters of
<3 nm (Fig. 11d). Thus, they deduced that the strong emission
of CDs comes from the quantum-sized graphite structure
instead of the carbon-oxygen surface.'**

Few years later, in 2012, by comparing carbon nanoparticles
with different dimensions obtained by one step hydrothermal
treatment of orange juice followed by size separation via

a)
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Fig. 11 (a) Typical sized CD optical images illuminated under white
(left) and UV light (right); (b) PL spectra of typical sized CDs: the red,
black, green, and blue lines are the PL spectra for blue-, green-,
yellow-, and red-emission CDs, respectively; (c) relationship between
the CD size and the PL properties; (d) HOMO-LUMO gap dependence
on the size of the graphene fragments. Figure adapted from ref. 136
with permission from Wiley, copyright 2010.
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centrifugation, Mohapatra et al. confirmed the red shift in the
emission wavelength of CDs with increasing size.'®* As the size
of CDs increases, the nature and content of sp” hybridized sites
and the band gap from the quantum confinement effect would
be affected. In particular, the authors pointed out that excita-
tion dependent photoluminescence could be caused by surface
states, excitons of carbon, emissive traps, aromatic conjugation
structures and free zig-zag sites.

Zhang and co-workers in 2016 prepared different sized CDs
via gel electrophoresis of the crude nanoparticles prepared
through a photo-Fenton reaction of graphene oxide.”* They
demonstrate that the PL of CDs depends on both the nano-
particle size, according to the quantum confinement effect, and
the peripheral carboxylic groups. More importantly, it was
revealed that for small sized CDs the surface status effect
prevails on the PL with the contribution of the carbon skeleton
which appears only when exciting the nanomaterial at longer
wavelengths. However for the large sized CDs the effect of the
graphitic core is dominant over their PL leading to an emission
wavelength which increases with size (minor energy gap). The
latter phenomenon can only be explained with the quantum
confinement effect.

An additional extensive analysis of the contribution on the
PL of the carbon core of the CDs was reported by Zhu et al. who
demonstrated the role of the aromatic carbon domain in
achieving the blue fluorescence of the carbon nanoparticles. In
more detail, in a perfect graphene core with few surface groups
the band gap between the conjugated m-domains is the intrinsic
PL center. Other important contributions to the photo-
luminescence of the carbon nanoparticles may derive from their
surface states: the surface chemical groups and the hybridiza-
tion structure of the edge groups. Carboxyl and amide groups
are responsible for the green emission of the carbon nano-
particles, while the hydroxyl groups guarantee a blue photo-
luminescence. These results were proved by different factors;
first of all, long exposure to the UV light results in an enhanced
PL due to the oxidation of the hydroxyl groups to carboxyl
groups. Converting the hydroxyl groups in amide groups results
in an enhanced PL and if these CDs are reduced a strong blue
luminescence is observed.*"* These results confirmed the great
complexity of the photoluminescence origin of the CDs and that
different factors may contribute to it.

Considering the effect on the PL of the superficial CD
decorations, many other studies have appeared in the last few
years. As reported by Sun et al., the PEG;;54on passivation of CDs
formed by laser ablation of graphite powder and cement led to
an emission spectrum spanning from purple to red which
further spreads to the NIR region with the excitation wavelength
progressively increasing from 400 nm on the left in 20 nm
increments (Fig. 10).°® Upon surface passivation with organic or
polymeric materials, such as poly(propionyl ethyleneimine-co-
ethyleneimine) (PPEI-EI) attached to the CD surface, surface
defects are stabilized and strong fluorescence emissions both in
a solution-like suspension and in solid state were detected. The
emissions of such passivated CDs covered a broad range of the
visible region and extended into the NIR region as shown in
Fig. 10. It should be noted that the surface passivation agents
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used were not emissive in the visible and NIR regions, and thus
any fluorescence emissions observed must have originated from
the surface passivated CDs. The tunable emission properties of
CDs are clearly demonstrated in Fig. 10. From the fluorescence
spectra of PPEI-El-passivated CDs, it is evident that the emis-
sions are broad and excitation wavelength-dependent.*®*'® The
tunable emissions of the surface-passivated CDs could be
a result of varied fluorescence characteristics of particles of
different sizes of the CDs and the distribution of different
emissive sites on the surface of the CDs.

More recently, Ding and co-worker using urea and p-phe-
nylenediamines as precursors prepared equal-sized CDs from
blue to red with an excitation-independent luminescence
emission spectra.””” The observed colour changes were found to
depend on the degree of superficial oxidation structures rather
than the particle size. In more detail, the observed red shift in
their emission peaks from 440 to 625 nm was ascribed to
a gradual reduction in their band gaps with the increasing
incorporation of oxygen species into their surface structures
(Fig. 12).

Moreover, pH-dependent PL emission was also reported and
this phenomenon can be reasonably explained by surface states,
as Qu et al. have discussed.*® Functional groups such as N-H
and O-H on the surface of CDs can form intramolecular and
intermolecular hydrogen bonds, which endow the CDs with
different surface states. pH changes could cause deprotonation
or protonation of functional groups inducing variation of
surface states and fluorescence. Jia et al. reported that CDs
prepared from direct heating of ascorbic acid solution show
a practically linear dependence on the pH of the solution in the
range of 4.0 to 8.0. The fluorescence intensity decreased by as
much as 90% from acidic to alkaline pH. The shift in the pH
caused the deprotonation of the carboxyl groups on the surface
of the CDs, leading to electrostatic doping/charging of the CDs
and Fermi level shift.*** A similar effect could also be triggered
by solvent polarity as Gao et al. observed by changing the solvent
from water to ethylene glycol. This may be due to the change of
surface states and the decrease of non-irradiative transitions.***
It is worth noting that some CDs exhibit fluorescence that is
independent of the excitation wavelength and pH.>*****

Regarding the third molecular state effect of the PL on the
CDs, an unequivocal demonstration was given by Song et al. in
2015 who were able to isolate and characterize the molecular

fluorophore  IPCA  (5-0x0-1,2,3,5-tetrahydro-imidazo[1,2-a]
Increasing degree of surface oxidation
—_—
VWA~hy hv hv
HOMO " "

@uu I

e

,—- C-dots @— core of C-dots(")— amorphous region
Fig. 12 Model for the tunable PL of CDs with different degrees of

oxidation. Figure adapted from ref. 217 with permission from Wiley,
copyright 2015.
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pyridine-7-carboxylic acid) demonstrating that its absorption
and emission spectra were identical to the one of the synthe-
tized CDs (Fig. 13).>** The resulting fluorophore was found to be
the main emitting species in these CDs.

Other recent research studies describe a great variety of
organic fluorophores responsible for the optical properties of
CDs. Worthy of mention is the study conducted by Schneider
et al. on CDs derived from the soft hydrothermal treatment of
citric acid in the presence of three different amino compounds
(Fig. 14, reactions (a)-(c)).>*® In the solutions of CDs obtained
from the reactions (a) and (b) schematized in Fig. 14, molecular
fluorophores were detected, and their PL and absorption
spectra resemble the ones of a pure solution of the fluorophore.
A further demonstration of the key role of the molecular fluo-
rophores comes from the reaction (Fig. 14c) that did not
produce any detectable fluorescent compounds; here the CDs
have a different PL spectrum with redshifted emission peaks
and a significantly lower PL lifetime and QY.

Other important considerations regarding the role of
molecular fluorophores in determining the final PL properties
of the nanomaterials have been pointed out by Zhang et al. They
demonstrated that the optical properties of CDs synthesized
from citric acid and cysteine are regulated by the presence of the
fluorophores TPDCA (5-0x0-3,5-dihydro-2H-thiazolo [3,2-a]
pyridine-3,7-dicarboxylic acid) and TPCA (5-ox0-3,5-dihydro-2H-
thiazolo [3,2-a] pyridine-7-carboxylic acid).?*> Both, the molec-
ular fluorophores and the CDs show the same UV-Vis absorp-
tion, excitation and emission, QY, fluorescent lifetime,
excitation-independent-emission, pH dependent fluorescence
and photobleaching. In addition, the authors were able to
isolate and characterize TPCA and TPDCA from the CD solution
confirming that the PL mechanism is governed by the molec-
ular state.
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Fig. 14 Synthesis conditions of citric acid-based CDs using three
different nitrogen-containing precursors. Figure reproduced from ref.
206 with permission from American Chemical Society, copyright 2017.
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Citric Acid ®

Fu et al. further investigated the origin of the luminescence
of CDs obtained from citric acid and ethylene diamine.>*®® The
authors were able to reproduce the optical behavior of such CDs
by employing simple polyaromatic hydrocarbons (PAHs) like
pyrene, anthracene and perylene. Tuning the concentration of
these three compounds, they were able to reproduce most of the
optical properties of the CDs (Fig. 15). From these results they
assert that CDs likewise predominantly comprise small PAHs
embedded in a matrix consisting of sp®-hybridized carbon.
Defects states and surface chemical functionalities also partic-
ipate in defining the optical properties of the materials but will
only play a minor role.

Based on this topic Hinterberger et al. produced CDs from
citric acid and cysteine under different hydrothermal condi-
tions, and then they purified the mixture by silica gel chroma-
tography. This system allowed the separation of three different
fractions, the first one rich in fluorophore molecules (5-ox0-3,5-
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Fig. 13 Characterization of IPCA (a) PL and Abs spectra of IPCA; inset photographs of IPCA solution under visible and UV light, (b) PL lifetime
measurements of IPCA, (c) IR spectra of IPCA, (d) mass spectra of IPCA, (e) 1H-NMR of IPCA and (f) DEPTQ *C-NMR of IPCA. Figure reproduced
from ref. 204 with permission from Royal Society of Chemistry, copyright 2015.
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Fig. 15 (a) Absorption spectra of anthracene (light blue), pyrene (dark
blue), and perylene (green) dispersed in a PMMA matrix with
a concentration of 0.01 mol% as well as of CDs in aqueous solution
(black dashed line). (b) Normalized PL spectra of the same samples as
in (a) excited at 337 nm. (c) Normalized PL spectra of pyrene in PMMA
films excited at 337 nm, as a function of pyrene concentration with the
CD PL spectrum (black dashed line) for comparison. (d) Scheme of the
exciton self-trapping process in a pyrene molecule pair: a free exciton
(blue spot) may be self-trapped on a molecule pair as a self-trapped
exciton (red spot), causing the reduction of energy and mobility.
Figure reproduced from ref. 208 with permission from American
Chemical Society, copyright 2015.

dihydro-2H-thiazolo [3,2-a] pyridine-7-carboxylic acid) (TPDCA),
the second one less photoluminescent composed of fluo-
rophores bound on the CDs surface and the last one composed
of CDs without fluorophores. The analyses revealed that under
mild condition the solution is mainly composed of fluo-
rophores and possesses a high QY (72%). With harsher condi-
tions, a drop in the QY was observed as the fluorophores were
destroyed and embodied in the structure of the CDs. This study
demonstrated the complexity and the heterogeneity of the
solutions of CDs, and how their luminescence properties could
be tuned by employing different synthetic protocols.***

An additional very recent hypothesis on the origin of the PL
behavior of the CDs and the specific role played by the different
components was made by Fang et al.>*” They suggested that the
PL of CDs is the result of a cooperative effect between the
graphitic carbon core, the defect states and the molecular flu-
orophore. The authors used citric acid and amino group-con-
taining molecules as precursors to prepare CDs having
luminescent pyridine-derivatives along with a carbogenic core
which were separated by a dialysis treatment. The PL behavior
of the molecules agreed with the one of the original CD solution
with, however, a higher QY and a less evident excitation-
dependent behavior.

Combining these outcomes with an accurate optical study
the authors proposed a hypothetical PL mechanism in which
fluorophores, defect states and the carbon core play a different
role. UV irradiation of the fluorophores generates excited elec-
trons from the 7 orbitals to the 7* orbitals. Some of the excited
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electrons in the 7w* orbitals may recombine with the holes in the
7 orbitals directly, emitting the PL signal centred at 420-440
nm, which can be referred as the intrinsic emission like the
band-edge emission observed in QDs. The other excited elec-
trons in the 7 orbitals may be trapped by the defect states of
energies lower than in the w* orbitals before they are finally
recombining with the holes in the 7 orbitals. Meanwhile, some
electrons may be excited and trapped directly by the defect
states and relax through either radiative or non-radiative ways.
Therefore, when the excitation wavelength is in the range of
280-380 nm, the CD produced both intrinsic and defect PL
signals. When the excitation wavelength is longer than 380 nm,
i.e. at a lower energy which is less than needed for the w-m*
transition, the electrons can only be excited to the defect states.
The graphitic core, in this hypothesis, acts as a quencher of the
radiative relaxation pathway of both defect and intrinsic states
through a fluorescence resonance energy transfer (FRET) effect
thus lowering the QY.**”

In conclusion, while the PL spectra depend on both molec-
ular fluorophores and defect states, the magnitude of QY is
mainly affected by the graphitic core of the CDs.

Overall, even if this latter PL mechanism is satisfactory from
an intuitive level, many other issues (such as the role of the
carbon core size and the structural morphologies of the CD, i.e.
amorphous or crystalline) were not effectively addressed.
Therefore, there is a lack of a real understanding of the mech-
anisms of fluorescence of these nano-systems remain to date.

Photostability. The ability to maintain a stable fluorescence
emission intensity after a long continuous excitation is called
photostability. Wei et al. demonstrated that CDs have an
excellent photostability when synthesized from glucose and
various amino acids. After 60 min of excitation, the PL intensity
of all the CDs preserved 90% of the initial intensity. PL of the
CDs was much more stable than that of fluorescein iso-
thiocyanate (FITC) dye, CdTe QDs and previously reported
polymer nanoparticles or dye-doped silica (Fig. 16).*°

Ge et al. prepared red-emissive CDs using polythiophene
phenylpropionic acid as a precursor, and their photostability
was investigated. Fixed-cell images of the CDs labeled HeLa
cells showed intense red fluorescence, after 120 min of irradi-
ation. By contrast, the ones of FITC, decay very rapidly after 10
min, confirming the higher photostability of the CDs in vitro.**

The diversity and uncontrollable nature of the surface
defects on the CDs reduce the radiative recombination, limiting
their QY and their application in several fields.*** In order to
improve the luminescence of CDs, great effort has been made
through physical and chemical methods. Wang et al. reported
CDs with a PL QY of 55-60% after column chromatography
purification of the CD mixture with 16-20% PL QY.**® To
enhance the QY of CDs, diverse designs have been developed
including surface passivation, element doping, and inorganic
salt doping. Passivation is the common strategy to improve the
QY of CDs due to its facile processability and high efficiency.
Most of the time it implies oxidation or reduction of the CD
surface and subsequent capping with organic polymers or
diamine compounds. Zheng et al. reported that original CDs
prepared with graphite oxide as a precursor were reduced by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Stability comparison of the fluorescence signals of Hela cells
labeled by CDs (A), and FITC (B). Scale bar = 10 um, figure reproduced
from ref. 195 with permission from Nature Publishing Group, copyright
2014.

NaBH,, and the QY of the reduced-state CDs increased greatly
from 2 to 24%; meanwhile, the maximum emission wavelength
shifted from 520 to 450 nm at an excitation wavelength of 360
nm (Fig. 17).2%¢

To stabilize and maximize fluorescence, CDs are usually
doped with inorganic salts or with organic precursors contain-
ing different elements. Nitrogen is the most widely used doping
element leading, in most of the cases, to higher QY.'?>**"??%
Jiang et al. prepared CDs with high QY (44.9%) from amino
acids via a microwave method.** Li et al. prepared nitrogen and
sulfur co-doped CDs via a hydrothermal method with extremely
high QY (73%).**® In this method, r-cysteine was used as
a precursor for doping of the CDs. Sulfur is also employed as
a doping agent to increase the PL properties of the CDs; based
on this topic Xu et al. synthesized S-doped CDs with significant
fluorescence QY (67%) via a hydrothermal method.**° Moreover,

Reduction

Oxidation

Low Quantum Yield High Quantum Yield

CDs

r-CDs

Fig.17 Graphical representation of the synthesis of reduced state CDs
(r-CDs) with blue luminescence from original CDs. Inset: photographs
of aqueous solutions of the CDs (CDs) (left) and the r-CDs (right)
obtained under UV light (360 nm). Figure reproduced from ref. 226
with permission from Royal Society of Chemistry, copyright 2011.
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some other methods have been developed to improve the QY of
CDs. For example, Sun et al. developed CDs doped with Zn to
achieve high QY. An aqueous suspension of CDs and Zn(CHj;-
COO0), was hydrolyzed with NaOH, and then Zn(OH), was con-
verted to ZnO by thermal annealing; the QY of the ZnO-doped
CDs in aqueous solution was around 45%. After precipitation
with Na,S, the QY of the ZnS-doped CDs were consistently
higher than 50%. Sun et al. speculated that the combination of
organic and inorganic passivation agents, might provide
another form of surface passivation or enhance the surface
passivation effect. Under the two-photon excitation at 800 nm,
these doped CDs emitted bright luminescence in the visible

suggesting promising potential for imaging
231

region,
applications.

Up-conversion photoluminescence. In addition to normal fluo-
rescence, a new and interesting phenomenon has been
discovered recently: up-conversion fluorescence emission. Up-
conversion fluorescence is anti-Stokes behavior, in that a longer
excitation wavelength produces a shorter emission wavelength.
As shown by Sun et al., CDs were strongly emissive in the visible
region under irradiation by an argon-ion laser (458 nm) or
a femtosecond pulsed laser for two-photon excitation in the NIR
range (800 nm)."*® The authors show that the one- and two-
photon luminescence images for the same scanning area of CDs
are well matched. The representative two-photon luminescence
spectrum shows that such CDs have up-conversion photo-
luminescence (UCPL) properties. The results from further bio-
imaging experiments in vitro also showed the UCPL properties
of CDs.

Recently, Jiang et al. reported that CDs emitted strong UCPL
under excitation with a femtosecond pulsed laser (A = 800 nm)
and this has been demonstrated to be a two-photon excitation
process.*®

Stan et al. studied the up-conversion fluorescence of N-
doped CDs in the wavelength range of 750-960 nm.>** Inter-
estingly, distinct from the down-conversion case, up-conversion
fluorescence showed excitation wavelength independent and
solvent polarity dependent emission. Moreover, such up-
conversion fluorescence can be easily observed by the naked
eye. Shen et al. fabricated CDs surface-passivated with PEG by
a one-pot hydrothermal reaction. The PL quantum yield of the
CDs at an excitation wavelength of 360 nm was about 28%. The
CDs possessed the up-conversion PL properties, and emitted
blue PL in the fluorescence microscopy images both under the
ultraviolet and 808 nm laser.**®

As shown in Fig. 18a, when the excitation wavelength
changed from 700 to 980 nm, the up-converted emission peaks
shifted from 431 to 544 nm, respectively. The shifting between
the energy of up-converted emission light (E,,) and excitation
light (E,) was almost unchanged, about 1.1 eV. Fig. 18b shows
the linear relationship between E,, and E,, and the function of
the fit line is Ey,, = 1.00E, + 05 (R* = 0.9747) with 6 = 1.1 eV. The
authors speculate on the UCPL due to the anti-Stokes PL, where
0g between the 7 and o orbitals is near 1.1 eV.**®

To further confirm this and explain how UCPL comes from
the CDs, an energy level structural model was established, in
which the UCPL spectrum could be regarded as an anti-Stokes
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Fig. 18 (a) Upconverted PL properties of the CDs-PEG; the inset
shows the enlarged image of the PL spectrum excited using a 980 nm
laser. (b) The energy of the excitation light as a function of the emis-
sion. Figure reproduced from ref. 216 with permission from Royal
Society of Chemistry, copyright 2011.

transition (Fig. 19). The energy levels of 7 and o orbitals were
provided by the carbene ground-state multiplicity, which is
related to the energy difference (0g) between the 7 and o
orbitals. The energy between the excitation light and the emis-
sion light in the up-conversion process was close to 1.1 eV
(Hoffmann determined ¢ should be below 1.5 eV). When
a bunch of low-energy photons excite the electrons in the =
orbital, the 7 electrons would be excited to a high-energy state
such as the LUMO, and then fall back to a low-energy state.
Thus, an UCPL is emitted if the electrons transition back to the
o orbital. The electrons in the o orbital can also be excited and
they only can emit normal PL (Fig. 19). This explains why the
difference between up-conversion excitation and emission light
is a constant energy related to the energy difference of the 7w and
o orbitals.***

The UCPL of CDs opens new opportunities for cell imaging
with two-photon luminescence microscopy, as well as highly
efficient catalyst design, for application in bioscience and

energy technology.
Chemiluminescence. Chemiluminescence (CL) refers to
a phenomenon whereby during a chemical reaction,
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Fig.19 A schematic illustration of various typical electronic transitions
processes of CDs. Normal PL mechanisms in CDs of small sizes (a) and
large sizes (b); UCPL mechanisms in CDs of large sizes (c) and small
sizes (d). Figure reproduced from ref. 216 with permission from Royal
Society of Chemistry, copyright 2011.

a substance can absorb chemical energy to turn into an excited
state and then go back to the ground state by light irradiation.
The CL properties of CDs were first discovered when the CDs
coexisted with some oxidants, such as potassium permanganate
(KMnO,) and cerium(wv).>** During this process, the CDs with
surface energy traps serve as electron acceptors for the electron
donator O, and strong CL emitter. The electron paramagnetic
resonance (EPR) reveals that oxidants, such as KMnO, and
cerium(v), can inject holes into the CDs. This process increases
the population of the holes in the CDs and accelerates the
electron-hole annihilation, resulting in energy release in the
form of CL emission. This is the first CL route accounting for
the CL (CL1). The other important route (CL2) is the Mn(u)*
excited state, which returns to the ground state with CL emis-
sion at 650 nm (Fig. 20). Moreover, the CL intensity was
dependent on the concentration of the CDs in a certain range. It
was also found that increasing the temperature had a positive
effect on the CL due to the thermal equilibrium of the electron
distribution in the CDs (Fig. 20). It is interesting to note that for
this system the CL properties can be designed by changing their
surface groups.>*

Recently CDs obtained from citric acid and melamine were
employed to enhance the CL reaction of K,Cr,0; with NaHSO;,
The nanomaterial acts as both an energy acceptor and lumi-
nophore in the CL reaction inducing an amplification of the
signal. This effect was exploited for the determination of iodide
since this ion can interact strongly with the potassium species
leading to an enhancement of the signal.”*®

A novel CL phenomenon was also observed for the CDs in
a strong alkaline solution (NaOH or KOH). The CDs exhibited
excellent electron donor ability towards dissolved oxygen to
form the superoxide anion radical (O, ") in a solution of NaOH.
These results provided direct evidence for the excellent electron-
donating ability of CDs.”®” Radiative recombination of the
injected electrons by “chemical reduction” of the CDs and
thermally excited generated holes was suggested to account for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Schematic illustration of the FL and CL mechanisms in the
CDs-KMnOg4 and CDs-cerium(iv) systems. CL1 and CL2 represent two
CL routes in the system. Figure reproduced from ref. 234 with
permission from Royal Society of Chemistry, copyright 2012.

the CL behavior in strong alkaline solutions.**” The dual role of
CDs as an electron donor and acceptor offers great potential in
optronics and catalysis.

Electrochemiluminescence. Differently from fluorescence and
CL, electrochemiluminescence (ECL) happens when the
substances produced in an electrochemical reaction are excited
via electron injection and then emit light to return back to the
ground state. The ECL emission of CDs (2.0 nm) produced by
Zheng et al. from the electrochemical oxidation of graphite was
observed as the potential was cycled between +1.8 and —1.5 V.**®
The suggested ECL mechanism involves the formation of
excited-state CDs (R*) by electron-transfer annihilation of
negatively charged (R'~) and positively charged (R'") species
(the ET1 route in Fig. 21). R"" is the more stable of the two
species, as indicated by the greater intensity of the cathodic ECL
(Fig. 21A). Interestingly, when produced by microwave
synthesis, 3 nm PEG,o-functionalized CDs also exhibited ECL
behavior, but the R~ species was found to be more stable in
this case.’® The presence of peroxydisulfate (S,05>~) enhanced
the ECL (the ET2 route in Fig. 21B) in the cathodic potential
range and produced a stable and sensitive (as no other co-
reactants tested elicited an ECL enhancement) ECL response,
thus suggesting the application of CDs for ECL sensing."** More
recently Kumar et al. employed P doped CDs in the fabrication
of a solid-state ECL platform, for the detection of Cu®. They
observed that the ECL intensity of the phosphorous doped CDs
is way higher compared to that of the undoped ones. Moreover,

455nm

-
A Annihilation

ET1:R"" —R""
ET2: R~ —S0,""

"M 535nm

Energy

“& g —P R (or R™)
I Hole (or Electron) Injection |
at the Pt Electrode

CNC Core urface

Fig. 21 The ECL and PL mechanisms in CDs. Figure reproduced from
ref. 125 with permission from American Chemical Society, copyright
20009.
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if Cu®" is added to the solution the intensity could be further
enhanced, thus increasing the detection limit for this particular
ion.>*®

2.4. Biological properties and applications

Carbon dots exhibit many biological applications due to their
low toxicity, biocompatibility and bio-degradation.>*>**>
Recent advancements of CDs in the medical or pharmaceutical
field include their application in bioimaging-detection, drug-
carrier development, gene transfer, diagnosis, cancer therapy,
and so on.**"**> However, some studies have reported that many
factors including CD synthesis methods, the size, the shape and
functional groups on the surface of CDs could affect the effi-
ciency of CDs causing hazardous effects on human health.
Therefore, in vitro and in vivo toxicity studies of CDs are the new
challenge to understand the mechanism of these nanoparticles
and confirm their safety.>**>*

2.4.1. Invitro and in vivo toxicity studies. Although in vivo
toxicity studies of CDs remain a critical issue, the low cytotox-
icity of these nanoparticles could be the main reason for scarcity
of studies in animal models. Wang et al. evaluated the geno-
toxicity, the acute toxicity and subacute toxicity of CDs fabri-
cated from raw soot by nitric acid treatment and PEG
passivation. The results showed no genotoxic or toxic effects in
the mice model used.**® In another study, Tao et al. investigated
the in vivo toxicity effect of CDs following intravenous admin-
istration (20 mg kg~ ') in mice. The experiments were carried
out for 3 months without showing toxic effects in the treated
mice.”"

In recent years, zebrafish embryos have attracted widespread
attention as strategies for the toxicological evaluation of CDs
due to their homology to the human genome, their short
generation time and optical transparency, which allows in real-
time the bioimaging-detection of CDs.***?%> In a study by
Tathagata et al., the authors reported the nontoxic effects of CDs
from curcumin using the zebrafish model. The nonaqueous
curcumin was transformed into a highly hydrophilic CD after
hydrothermal synthesis. Multicolor fluorescence, high photo-
stability, and low cytotoxicity were reported in fibroblast cells
NIH-3T3, human lung adenocarcinoma cells A549 and human
colorectal adenocarcinoma HCT-15. Meanwhile, bioimaging,
biocompatibility and toxicity studies were performed using
zebrafish embryo toxicity (ZET) tests.>®" Further experiments
demonstrated that fruit-based CDs from kiwi and avocado did
not show sub-lethal signs of toxicity in a zebrafish model,
demonstrating the low toxicity of this type of CD produced from
natural sources.>”

On the other hand, many recent reviews have described
several studies on the cytotoxic effect of CDs against different
cell line models including, breast adenocarcinoma SKBR3,
mouse embryonic fibroblast NIH-3T3,%** human renal epithelial
cells 293T, normal breast epithelial cells MCF-10A, normal
human liver cells HL-7702 (L-02), normal human skin fibro-
blasts NSFbs,>* human lung adenocarcinoma cells A549,
human colorectal adenocarcinoma HCT-15 and others.*** To
date, several of these cytotoxic studies have shown that CDs did
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not alter cell viability.”**** Therefore, according to various
researchers, the immense variety of synthesized CDs with
different physicochemical properties is the next challenge in
exploring the in vitro and in vivo toxicity of CDs. In fact, CD
toxicity can be reduced by surface-engineering techniques that
use surface passivation molecules or biocompatible polymers at
a minimum concentration.” This approach could guarantee the
combination of CDs with therapeutic agents resulting in an
excellent biological effect.

2.4.2. Bioimaging-detection. Real-time observation is one
of the main topics of CD study, which allows the elucidation of
the translocation of molecules, the interaction with targets and
the response to extracellular signals.*®® Based on structural
diversities, CDs have multiple advantages over semiconductor
quantum dots (QDs), including comparable optical properties
and photochemical stability. In addition, CDs are known for
their tunable photoluminescence (PL) and multicolor PL prop-
erties. Indeed, these properties make CDs very desirable as
alternatives to semiconductor QDs for application in bioimag-
ing both in vitro and in vivo.>***¢

It has already been reported that CDs mainly enter into the
cells by endocytosis and are concentrated in the cytoplasm. In
fact, there are few reports which show that CDs enter into the
cell nucleus.*” Fluorescent CDs were used for cellular imaging
for the first time by Cao et al The authors used PPEI-EI
passivated CDs for two-photon luminescence microscopy in
human breast cancer MCF-7 cells.'*® The cells incubated with
CDs exhibited a bright luminescence in both the cell membrane
and cytoplasm regions. The results indicate that the ability of
the cells to take up CDs depends on the temperature.

Synthesis methods of CDs are an essential way to prepare
multifunctional CDs with imaging ability. Bhunia et al
synthesized a series of fluorescent CDs from several carbohy-
drates including sucrose, glucosamine, glucose, and dextrans of
different molecular weights, ascorbic acid and cellulose. The
synthesized nanoparticles were then incubated with HeLa cells
for 3-6 hours. The CDs showed very low binding properties to
the cells due to their low surface charge and small size. More-
over, the particles emitted different fluorescence spectra based
on their size,* suggesting that few CDs are capable of pene-
trating into the cell membrane and a few just help in staining
the cells and cell nuclei. Thus, the surface functionalization and
size of CDs play a major role for applications in bioimaging.

Several studies have indicated that surface modification of
CDs is another crucial factor related to the multicolor PL
properties of these nanoparticles.”®” Bhunia et al. conducted an
in vitro study synthesizing various CDs with different fluores-
cence. The target recognition was realized by surface modifi-
cation of CDs with folic acid, which indicated that the
fluorescence properties of these nanoparticles are stable to
chemical modification.*” In another study by Tang et al., the
authors modified CDs with doxorubicin and folic acid for
specific cancer cell recognition, drug transport, and fluores-
cence imaging analysis.”*®

On the other hand, some research groups discovered that
CDs are able to exhibit multicolor emissions. Our research
group synthesized fluorescent CDs that are biocompatible and
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suitable for bioimaging of exosomes.*®* CD loaded exosomes
emitted blue, green, red and violet fluorescence upon excitation
at 350, 490, 550, and 630 nm, respectively. A clearly noticeable
dotted appearance of CD loaded exosomes can be observed
suggesting that these CDs can be utilized to probe exosomes for
biological applications (Fig. 22).

Other evidence indicates that changes in solvents and the
adjustment of raw material proportions used in the preparation
of CDs have allowed modifications in the emission wavelength
of these nanoparticles.” In fact, Xiong et al. acquired various
colors (Aem ranged from 443 to 745 nm) emitted by CDs
adjusting the type of solvent (ethanol, sulfuric acid, formamide
and N,N-dimethylformamide) and the proportions of raw
materials (o-phenylenediamine and r-glutamic) used in the CD
synthesis.**

The fluorescence of CDs could be preserved for 60 hours.
Therefore, these nanoparticles could be suitable for long-term
observation when performing in vivo bioimaging studies.””
Although the emission in the NIR region is relatively weak, CDs
have great potential for in vivo fluorescence tracking studies
because of the biological transparency window in the NIR
region, which affords maximum penetration in vivo.>** Indeed,
developing CDs with effective emissions in the visible and NIR
regions has been described.*'7:>¢>-2¢4

Yang et al. were the first to explore the utility of CDs as
contrast agents in live mice. They obtained CDs and ZnS-doped
CDs from chemical processing of raw nanomaterials by laser
ablation. After PEG;50on modifications, they were used for in
vivo optical imaging of mice. CDs or ZnS-doped CDs solutions

Fig.22 Exosomes isolated from the cell culture medium of MDA-MB-
231 cells treated with CNPs (2 mg mL™3) for 2 h and collected after 48
h. Images were acquired with different excitation filter sets: (A) 350 nm,
(B) 490 nm, (C) 550 nm and (D) 630 nm. Scale bar: 20 um, figure
reproduced from ref. 53 with permission from Elsevier, copyright 2017.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were injected into the mice body with various injection
methods. The injected carbon dots in mice diffused relatively
slowly, and the fluorescence faded at 24 h postinjection.®*

As seen in Fig. 23, CDs were intravenously injected into mice
for whole-body circulation. The abdomen was shaved for fluo-
rescence detection of the dots trapped in organs during the
circulation, but only emissions from the bladder area were
observed. The images also show fluorescence of the dissected
kidneys and liver. It was also observed that the injected CDs
were removed from the body via the urine excretion pathway.

Furthermore, it has been noticed that blue and green emit-
ting CDs are not suitable for in vivo imaging because the short-
light excitation wavelength could harm living cells and biolog-
ical systems.?*>?*® Hence, one of the great challenges of in vivo
bioimaging studies is to achieve efficient and safe red-light
emitting CDs.*” In studies by Liu et al., the authors obtained
efficient red emissive nitrogen-CDs with a good excitation-
independent emission, high quantum yield (QY) (10.83% - in
water and 31.54% - in ethanol), good biocompatibility and
water dispersibility. Nitrogen-doped conjugated CDs were
injected into nude mice and the fluorescence images were
observed after 0.5, 1.0, 1.5, 3.0, and 20 h. As seen in Fig. 24, the
images indicate that red-emitting CDs exhibit strong penetra-
bility and rapid excretion from the body of mice.>*

More recently, other studies by Li et al. reported the devel-
opment of new CD-based materials with a second near-infrared
emission (NIR-II). The designed watermelon-derived CDs
exhibited high QY, great photothermal efficiency and biocom-
patibility. The CDs were administrated by hypodermic injection
in BALB/c mice and the in vivo bioimaging was conducted using
a NIR-II imaging apparatus (Fig. 25). Interestingly, fluorescence
signals indicated the rapid renal excretion of CDs, which was
associated with the particle size.>*”

K2

LY
o

Intensityl103

Fig. 23 Intravenous injection: (a) bright field, (b) as-detected fluo-
rescence (Bl: bladder and Ur: urine), and (c) color-coded images. The
same order for the images of the dissected kidneys (a’-c’) and liver
(@”—c"). Figure reproduced from ref. 81 with permission from American
Chemical Society, copyright 2009.
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CON 10h 15h 3.0h

20.0h

Fig. 24 Real time in vivo imaging of nude mice with intravenous
injection of 100 pL of PBS solution of CDs-50 at different time points.
(I: Thoracic region, II: area of liver, Ill: area of small intestine, IV: area of
large intestine, V: bladder region). Figure reproduced from ref. 263
with permission from Wiley, copyright 2018.

In another in vivo bioimaging study, Kang et al. validated the
use of zebrafish embryos as a model for bioimaging studies. The
distribution of designed CDs from glucose was successfully
observed in zebrafish embryos, indicating the selective accu-
mulation of these nanoparticles in the eye and yolk sac (Fig. 26).
Furthermore, these CDs showed low toxicity and high biocom-
patibility in the zebrafish model.**®

Tathagata et al. obtained similar results evaluating the
biolabeling potential of surface-passivated CDs from curcumin
in zebrafish embryos. This biological model showed fluores-
cence in green, blue and in red indicating the uptake of CDs
through the chorionic membrane (Fig. 27).>*

2.4.3. Biosensing. In addition to their superior biocom-
patibility, CDs possess the ability to serve as either excellent
electron donors or electron acceptors. By monitoring the
changes in their fluorescence intensity under external physical
or chemical stimuli, CDs were used to detect substances such as
DNA,*® PO,*",*”° thrombin,?”* nitrite,*”> glucose,?* biothiol,”
Cr3+’274 Fes+,218'275 Ag+’276 Hg2+’97,277,27s Cu2+,93'”3 Cd2+’275 and
pH.?”® The surface functional groups on CDs indicate distinctive
affinities to different target ions, which results in the quenching
of PL intensity through an electron or energy transfer process
and high selectivity to other ions.

The detection of heavy metals is of importance because of
their hazardous effect on the environment and human health.

Prone position 1 min

30 min

=
¢

Supine position  20min

Fig. 25 Time-dependent bioimaging of mouse treated with CDs (20
ng g~ through the tail vein. Figure reproduced from ref. 267 with
permission from American Chemical Society, copyright 2019.
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Fig. 26 Bright field (upper) and fluorescence (lower) images of (A)
whole bodies, the (B) head, the (C) yolk sac, and the (D) tail of zebrafish
larvae at 84 h after soaking for 10 h in CD solution of different
concentrations. Enlarged images showing the (B) eye and lens, and (C)
yolk sac and intestine, as well as the (D) vessel in the tail, with fluo-
rescence images. Scale bars, 1.0 mm for (A) and 500 um for (B), (C) and
(D). Figure reproduced from ref. 268 with permission from Nature
Publishing Group, copyright 2015.

Fig. 27 Bright field (A) and multicolor fluorescence with blue (B),
green (C), and red (D) images of zebrafish embryos after soaking for 24
h in 0.4 mg mL™! concentration of CD solutions. Figure reproduced
from ref. 251 with permission from American Chemical Society,
copyright 2018.

One of the first attempts of utilizing CDs in sensing is the
selective detection of Hg>" in aqueous solutions'*’?* and live
cells.?®

Based on the quenching effect of Hg>* on the fluorescence of
CDs, Yan et al. adopted the Hg*>'-CDs system for selective
detection of Hg>" in aqueous solution as well as in live cells.>®
The authors reported the synthesis of two types of CDs using
citric acid with N-(b-aminoethyl)-g-aminopropyl (CDs-1) and 1,2-
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ethyldiamine (CDs-2) that possess a high QY of 55.4% and 65.5
respectively. The study of the effective and selective quenching
of fluorescence emissions of CDs-1 and CDs-2 by Hg>"
demonstrated that both CDs acted as selective and sensitive
fluorescent probes for the detection of traces of Hg>* in both
aqueous solutions and live cells. Upon the addition of 20 mM of
Hg>", the fluorescence intensity of CDs-1 was rapidly quenched
by 55%, while that of CDs-2 was quenched by 80%, and both
remained stable after 1 h of observation. This confirms the
feasibility of using CDs-1 and CDs-2 as chemical sensing probes
for Hg”*. The selectivity of CDs-1 and CDs-2 toward Hg*" was
then assessed by comparing the extent of fluorescence
quenching of CDs-1 and CDs-2 through the addition of 20 mM
of different metal ions. Among all metal ions tested, Hg”"
quenched the fluorescence of both CDs-1 and CDs-2 to the
largest extent. However, the fluorescence was reversible and
recovered by adding ethylene diamine tetraacetic acid (EDTA).
Furthermore, successful attempts were made in detecting Hg*"
in cultured cells.”®*

Qu et al. reported a preparative route toward distinctive
fluorescent CDs from dopamine (DA). The CDs exhibited
excellent PL properties, and they were used for multicolor bio-
imaging and as a new kind of sensor for label-free detection of
dopamine (DA) and Fe*" with high sensitivity and selectivity.
The method depends on Fe**-induced oxidation of the hydro-
quinone groups on the surfaces of CDs to the quinone species,
which can quench the fluorescence of the CDs and DA due to
their competition with CDs to react with Fe*". It offers a favor-
able protocol for rapid detection of Fe*" and DA. Moreover, this
sensing platform exhibits high sensitivity and selectivity toward
Fe’" and DA versus other metal ions and the other DA analogues
and offers the advantages of cost efficiency, simplicity and
environmentally friendliness.

Dong et al. designed branched poly(ethylenimine)-function-
alized CDs (BPEI-CDs) as a fluorescence sensor for copper ion
(Cu®") detection. On account of the inner filter effect, in that the
excitation and emission wavelengths of the CDs were absorbed
by the cupric amine complex formed on the surface, a quench-
ing phenomenon would happen. Under the optimum experi-
mental conditions, the CDs show good sensitivity and selectivity
towards Cu®** and the limit of detection and linear response
range were determined to be 6 nM and 10-1100 nM,
respectively.*®

More interestingly, a tunable ratiometric pH sensor was
developed for the quantitative measurements of the intracel-
lular pH of cells based on CDs.”®' The amino-coated CDs were
functionalized with pH-sensitive fluorescein isothiocyanate
(FITC) and pH-insensitive rhodamine B isothiocyanate (RBITC),
resulting in the dual-emission probe upon single excitation. The
pH sensor exhibited low cytotoxicity, good cell-permeability,
and excellent reversibility between pH 5-9. Thus, real-time
quantitative determination of intracellular pH of intact HeLa
cells and the pH fluctuations associated with oxidative stress
was successfully performed.***

On the other hand, the ©-m stacking interactions between
CDs and DNA can also be used as a binding strategy for the
detection of DNA.”* The fluorescence from the dye-labeled

© 2021 The Author(s). Published by the Royal Society of Chemistry
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single-stranded DNA probe is quenched after adsorption onto
the CD surface via m-m interactions. When the target DNA
matches the dye-labeled DNA to form double-stranded DNA, the
fluorescence is recovered. This strategy is also employed for the
determination of metal ions such as Hg** and Ag" through T-
Hg>*-T and C-Ag"™-C base pairs, respectively.?’*>””

Apart from utilizing the fluorescence of CDs as an analytical
signal, recent studies have revealed that CDs exhibit good
chemiluminescence (CL)*®* and electrochemiluminescence
(ECL).>** For example, Wang et al. developed a paper-based DNA
biosensor by using CDs as CL signals and nanoporous gold
(NPG) as a signal amplification agent. First, they constructed
microfluidic paper-based analytical devices (WPADs). Then, the
capture DNA (S1) with thiol groups was immobilized onto the
HPADs. Besides, in the presence of target DNA (S2), the signal
DNA (S3) could fix on the surface of pPADs by hybridization with
S2. Finally, by injecting with KMnO,, the CL reaction was trig-
gered and the concentration of target DNA S2 could be easily
measured in the luminescence analyzer (Fig. 28).2%

Wu et al. constructed an assay for cancer cell detection by
using modified CDs as ECL sensors and graphene as a signal
amplification agent (Fig. 29).>** The sensors were developed as
follows: first, the electrode was modified with amino-function-
alized graphene that was covalently grafting poly(allyl amine
hydrochloride) (PAH) onto graphene. Then the CDs@Ag
composite was introduced onto the surface of the electrode.
After the thiol containing amino acid, cysteine, was linked to
the C-dot@Ag surface, folic acid was further conjugated with
cysteine via a carbodiimide-mediated wet-chemistry approach
between the carboxylic acid end groups on folic acid and the
amine groups on cysteine. Each modifying process played
a unique and important role in the sensitivity/selectivity of the
sensor: (1) the metal shell on CDs accelerated the electron
transfer between CDs@Ag and graphene. (2) Folic acid could
specifically target folate receptors with high affinity, which
enabled them to act as a bridge between the electrode and
cancer cells. (3) The graphene conjugation could facilitate
electron transfer due to its good conductivity and large surface
area. Due to the specificity and affinity of folic acid, the fabri-
cated electrode could selectively recognize the surface of human
cervical cancer cells (HeLa) and human breast cancer cells

< % R SR
SR A

S1 S1+g2 SHSH+ NPG+C-DnIsNPG DSC
SI+NPGH+C

Fig. 28 The CD-based CL sensor for the detection of DNA.
Figure reproduced from ref. 283 with permission from Royal Society of
Chemistry, copyright 2013.
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Fig.29 The CD-based ECL platform for the detection of cancer cells.
Figure reproduced from ref. 284 with permission from Royal Society of
Chemistry, copyright 2013.

(MCF-7) by targeting the folate receptor (FR). The presence of
cancer cells caused a remarkable decrease in the ECL signal
which originated from the blocking of the CDs@Ag nano-
composite surface and preventing them from coming into
contact with the ECL coreactant N,S,0g. The detection limit was
calculated to be 10 cells per mL at 3o.

On the other hand, it is known that plant part-derived CDs
can be used as biosensors to detect various bioactive molecules,
including proteins, nucleic acids, enzymes, amino acids, vita-
mins, bacteria, thiols group, drugs, metal ions and biological
samples.?®® Based on Chromium (Cr) toxicity, Roshni et al. used
CDs from ground nuts (N-CDs) to detect Cr®". N-CDs showed
a selective activity towards Cr®" with a detection limit (LOD) of
0.1 mg L~ ". The methodology was carried out in the presence of
Cr’" and glutathione as a reducing medium for the conversion
of Cr** to Cr*',*®*® which is considered one of the least toxic
micronutrients for humans.*”

In another study, Monte-Filho et al. used CDs derived from
onion juice and lemon for the detection of riboflavin (vitamin
B2). The selectivity of the CDs for the detection of riboflavin was
tested with diverse substances, indicating that CDs were selec-
tive for riboflavin. Moreover, the CDs exhibited a good linear
relationship between the fluorescence resonance energy trans-
fer and the riboflavin concentration, suggesting the develop-
ment of an analytical method for the determination of
riboflavin in multivitamin and mineral supplements.***

Ahmadian-Fard-Fini et al. were able to detect E. coli by using
a fluorescence sensor of CDs derived from grapefruit extracts
and lemon. Fluorescence signals from various concentrations of
E. coli-labeled CDs were observed. Furthermore, the authors
were able to measure unknown concentrations of E. coli.**

2.4.4. Drug-carrier development. CDs are excellent drug
delivery systems (DDSs) due to their simple fabrication tech-
niques, particle size, biocompatibility, lower cytotoxicity and
sustained drug release.”* CDs overcome the problems of
conventional drug carriers; in fact, multicolor fluorescence CDs
are considered excellent drug carriers because of their modified
functional groups, maximum drug-loading capacity and low
cytotoxicity.”***

The most widely investigated DDSs are based on AuNPs, but
their toxicity limits their applications in clinical therapy.”**

Nanoscale Adv., 2021, 3, 5183-5221 | 5203
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Therefore, CDs serve as good alternatives to AuNPs since
different functionalizations could result in many possibilities
for conjugation with drug molecules in combination with tar-
geting agents, expanding the drug choices for delivery.**> Tang
et al. reported a Forster resonance energy transfer (FRET)-based
CD drug delivery system that could perform real-time moni-
toring of drug release (Fig. 30).2°® The authors used the fluo-
rescent drug molecule doxorubicin (DOX). The DOX adsorbed
onto the surface of CDs via w-m stacking. Then FRET occurred
between the CDs and DOX, which resulted in a decrease of the
FL of CDs and an increase of the FL of DOX. With the release of
DOX from the surface of CDs, FRET between CDs and DOX was
weakened while the FL of CDs increased, which could be used to
monitor the release of DOX.**®

The obtained system showed excellent targeted delivery and
drug release efficiency towards cancer cells in acidic pH envi-
ronments. At pH 7.4, the fluorescence barely increases over the
course of 72 h, exhibiting a very low value of total release (<10%
fluorescence intensity of the original CDs-FA-DOX conjugates);
this indicates a negligible DOX release under the neutral
conditions. A substantial increase of the drug release rate is
observed for acidic solutions, in which the release rate in pH 5.0
solution is higher than that in pH 6.0 solution. In addition,
compared with those of free DOX molecules, which complete
release within =10 h, the release accumulation profiles for both
PH 5.0 and 6.0 solutions show sustained release over a long
period (>72 h). The percentages of accumulated release in the
PH 5.0 solution are 55%, 72%, and 78% after 24, 48, and 72 h,
respectively.”*®

This enhanced drug release rate at low pHs is particularly
advantageous for cancer treatment. The slow DOX release in
neutral environments can minimize the extracellular loss of
drug molecules before reaching the tumor targets, as well as
potential damage to normal cells. However, most of the DOX
can persistently be released when the drug delivery capsules are

4 L)
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Fig. 30 (A) The drug delivery system that could perform real-time
monitoring of drug release based on PEG-functionalized CDs. Doxo-
rubicin (DOX) was used as a drug molecule, which was adsorbed onto
the surface of CDs through t—1t stacking; (B) proposed mechanism of
real-time monitoring of DOX release based on the FRET process
between DOX and CDs. Figure reproduced from ref. 258 with
permission from Wiley, copyright 2013.
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internalized by tumor cells at low pHs (4.5-6.0), leading to
enhanced cancer therapy.

More recently, our group developed CDs with a carboxyl-rich
surface which can be utilized as a trackable drug delivery.>® The
CDs are conjugated with doxo, via electrostatic interactions
between the carboxyl groups of CDs and the amine group of
DOXO molecules. The pH difference between cancer and
normal cells was exploited as the triggering mechanism for
DOXO release. The CDs maintained a stable interaction with
doxo at alkaline pH with a slow-release profile, compared to
a fast release profile when the medium was acidified to levels of
the extracellular space of the tumor and in subcellular
compartments (Fig. 31A). Subsequently, the cell viability of
breast (MDA-MB-231), and colon (LoVo and DLD-1) cancer cell
lines treated with CD loaded doxo (Cdoxo) exhibited better
cytotoxicity than free doxo in MDA-MB-231 and DLD-1 cells. An
in vivo study followed over a period of approximately 2 months
did not show any symptoms of stress or clinical illness. The
body weight of the mice increased during the observational
period (Fig. 31B). Cdoxo-treated mice demonstrate that the
tumor volume was reduced compared to the tumors of mice
treated with free doxo (Fig. 31C).”

In view of the future use of a fully biocompatible drug
delivery nano-system, we further optimize the hydrothermal
synthesis of CDs to avoid the formation of harmful chemical
compounds starting from fructose (F-CDs), glucose (G-CDs) and
ascorbic acid (A-CDs), without any passivating or doping addi-
tives." Interestingly, the cytotoxicity of the CDs was affected by
the choice of the starting materials: CDs synthesized from
fructose were found to be toxic (due to the presence of toxic
furanic compounds/frameworks formed during the hydro-
thermal degradation of the fructose precursor) while high
biocompatibility was observed starting from glucose or ascorbic
acid. Finally, the CD drug loading capabilities were evaluated by
studying their interactions with DOX as a model. The study
revealed the importance of the graphitic core domains, rather
than the surface functional groups, in achieving high CDs-DOX
affinities F-CDs > G-CDs >> A-CDs (Fig. 32A). With the more
suitable glucose derived CDs, up to 28% w/w of DOX loading
was observed (Fig. 32B).

Similarly, a theragnostic nanomedicine (CDs-oxa) was
synthesized by a condensation reaction between the amino
groups on the surface of fluorescent CDs and the carboxyl group
of the oxaliplatin derivative oxa(iv)-COOH. The CDs-oxa was
taken up by cancer cells through endocytosis and the drug was
released upon the reduction of oxa(v)-COOH to oxaliplatin()
because of the highly reducing environment in cancer cells. It
was also demonstrated that the distribution of the CDs-oxa can
be closely tracked by monitoring the fluorescence signal of the
CDs, thereby offering great help in the customization of the
injection time and dosage of the medicine (Fig. 33).>%

In an attempt to enhance the loading capacity of CDs,
Mewada et al. tested the drug carrying and folic acid-mediated
delivering capacities of highly fluorescent swarming CDs. Folic
acid on the CD surface was used as a navigational molecule due
to its association with different types of cancer cells. The drug
loading capacity for DOX was estimated to be 86% and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 (A) Release of doxo from CDs. The cumulative release of doxo
was evaluated by measuring the fluorescence of doxo, which resides
inside the dialysis membrane at each time point at pH 5.5 and 7.4; (B)
weight of mice treated with different concentrations (mg kg™) of
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Cdoxo or free doxo, and the tumor volume was measured (y-axis) *p
value < 0.05. Figure reproduced from ref. 53 with permission from
Elsevier, copyright 2017.
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release of DOX from the DOX-loaded CDs followed first order
release kinetics. Furthermore, due to the targeting ability of the
folic acid molecule, CDs loaded with DOX showed greater
cytotoxicity to cancer cells than free DOX.>**

Similarly, other researchers have also used CDs loaded with
DOX. Wang et al. reported that DOX-conjugated beer CDs (DOX-
BCDs) exerted a prolonged drug release profile towards MCF-7
cells. The analysis of the results confirmed the internalization
of DOX-BCDs by cells and showed that DOX-BCD induced
a greater cytotoxic effect than single DOX treatment.>®® On the
other hand, Zeng et al. developed green-emitting CDs by
conjugating the amine moiety of DOX and native carboxyl
groups present on the surface of CDs via non-covalent bonding.
In vitro and in vivo studies indicated that these CDs are stable
cancer drug delivery systems. Furthermore, DOX-CD conjugates
showed low toxicity and selectivity towards cancer cells.*

According to the different studies reported, functional
groups on the surface of the CDs render them potential non-
toxic candidates in targeted drug delivery. Furthermore, their
fluorescence properties allow a simultaneous analysis of drug
distribution and their therapeutic functions.”*?38294-2%

2.4.5. Gene transfer. Gene therapy is a promising alterna-
tive for the treatment of many pathological disorders. This
experimental technique requires an efficient and safe carrier for
the delivery of biocompatible therapeutic loads with fluores-
cence properties.” In this context, the properties of CDs make
them efficient emerging carriers for cellular uptake monitoring
and gene delivery. Gene therapy includes the use of pDNA,
mRNA, and noncoding RNAs, which can be internalized by
endocytosis®” (Fig. 34).>®

In a study by Liu et al., the authors utilized polyethylenimine
(PEI) passivated CDs as transfection agents. Fluorescence
properties of CDs allowed the observation of the plasmid DNA
distribution during transfection, providing detailed informa-
tion on the physiological function of plasmid DNA.*** Kim et al.
also performed a DNA transfection and monitored the traf-
ficking of cellular plasmids. The authors compared the gene
delivery ability of plasmid DNA (pDNA), PEI-functionalized CDs
(PEI-CDs) and PEI-functionalized gold colloids (PEI-AU).
Quantitative analysis of the cellular uptake and dissociation of
PDNA from the nanoassembly indicated that the fluorescence
intensity of PEI-CD remained stronger compared to that of PEI-
AU at the onset of cellular uptake. However, the authors re-
ported that both the carrier systems could provide a highly
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Fig. 33 Synthetic scheme for CDs-oxa (CD-oxa) and its applications in
bioimaging and theranostics. Figure reproduced from ref. 293 with
permission from Wiley, copyright 2014.
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Fig. 34 General mechanisms of gene delivery via CDs: here, CDs bind
gene materials via electrostatic interactions, enter the cells via endo-
cytosis and release the payloads into the nucleus. Figure reproduced
from ref. 298 with permission from BMC, copyright 2019.

intriguing method to monitor the dissociation of polyplex
inside of the cytoplasm.>*®

Recently, Zhang et al. developed hyaluronic acid (HA)/PEI
functionalized CDs (HP-CDs) for gene therapy in cancer cells.
The HP-CDs showed an excellent gene condensation capacity,
low toxicity and biocompatibility. The HP-CDs were internalized
into cancer cells via HA-receptor-mediated endocytosis indi-
cating a high transfection efficiency.>*

Additionally, Chen et al. studied the impact of gene therapy
on mesenchymal stem cells (EMSCs) using different CDs
derived from porphyra polysaccharide. The CDs were loaded
with a combination of transcription factors Ascll and Brn2
(CDs-pDNA NPs). The results revealed an efficient neuronal
differentiation of the EMSCs with CDs-pDNA NPs compared
with the retinoic acid-containing induction medium.*** Another
study by Ghafary et al. synthesized a nano-carrier using CDs
conjugated with a chimeric peptide MPG-2H1 and DNA loading
(CDs-MPG-2H1) to obtain two different color emissions (red and
green). The nanocomplexes increased the gene internalization
in the cells, showing that this carrier has a high potential for
increasing nuclear internalization.>*

It is known that the siRNA delivery is one of the best strat-
egies for treating incurable diseases due to its efficiency of
intracellular delivery.** In this context, Dong et al. studied
poly(i-lactide)-polyethylene glycol (PLA)-CDs and PEG-CDs as
nanocomplexes for simultaneous gene delivery and intracel-
lular miRNA bioimaging. The results showed that CDs conju-
gated with PLA or PEG provide a nanocomposite with low
cytotoxicity and stable photoluminescence. Furthermore, using
the HeLa cell line as a model, the authors reported that carriers
exhibited an effective miRNA delivery.>** Moreover, Wu et al.
investigated the effect of folate-conjugated reducible PEI-
passivated CD for lung cancer treatment. The nanocomplexes
were loaded with two types of siRNA (EGFR and cyclin B1). The
results indicated that the carriers were accumulated into cancer
cells and induced the silencing of the targeted gene.

2.4.6. Diagnosis and clinical prognosis. Imaging analysis
has an important role in diagnosis and prognosis of certain
pathologies. In this sense, the use of fluorescent nanoparticles

304

305
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as imaging probes is one of the best strategies. Notably, studies
on the favorable properties of CDs have shown wide-spread
research interest owing to their their practical application in the
fields of cell imaging and drug delivery.”>”

Based on the ability of CDs to absorb NIR light, Wu et al. first
conducted photoacoustic (PA) imaging of sentinel lymph nodes
(SLN) in vivo by using CDs passivated by macromolecules.
Observable signal enhancement of the SLN was exceptionally
rapid within 2 min after injection of the agent. This nanoprobe
exhibited strong optical absorption in the NIR region, a small
size, and rapid lymphatic transport, offering valuable potential
for faster resection of SLN, and may lower complications caused
by using dyes or low-resolution imaging techniques.**

The CDs can be used for photodynamic therapy (PDT). PDT
is an approved therapeutic treatment for certain types of
cancers. In the presence of oxygen and light, photosensitizers
(PSs) can transfer the absorbed photon energy to surrounding
oxygen molecules to form reactive oxygen species (ROS) such as
singlet oxygen (*0,) and free radicals, resulting in cell death and
tissue destruction. Huang et al. designed a PS-conjugated C-dot
system featuring FRET for both enhanced fluorescence imaging
and PDT therapy. Chlorin e6 (Ce6) was selected as the PS, which
emitted bright red fluorescence at 668 nm upon excitation at
430 nm due to the efficient FRET process with carbon dots. The
feasibility of the system for fluorescence imaging-guided PDT
was investigated in nude mice. After intravenous injection, the
fluorescence from Ce6 became visible in tumor sites at 2-4 h
post-injection and reached a plateau at 4-8 h post-injection, and
thus the suitable time point to implement PDT was selected at 8
h (Fig. 35).>”

In addition to phototherapy, CDs can be used for radio-
therapy. Kleinauskas et al. developed PEG-CDs coated with
a silver shell (C-Ag-PEG CDs) which could be used as radio-
sensitizers in DU145 cells.**® When irradiated with low energy X-
rays, electrons were ejected from the C-Ag-PEG CDs, which in
turn generates free radicals and damages the cancer cells
surrounding the CDs, reducing the damage of normal cells and
increasing therapeutic selectivity.

Diagnosis of infectious diseases caused by microorganisms
such as viruses, fungi, parasites or bacteria is another area of
CD applications due to their photodynamic effects that induce
antimicrobial photodynamic inactivation (PDI). The mecha-
nism of action of PDI treatment is based on nonspecific
oxidative damage to the cell membrane and biomolecules

Pre 2h
- B !

Fig. 35 Real-time in vivo NIR fluorescence images after intravenous
injection of CDs-Ce6 in nude mice at different time points.
Figure reproduced from ref. 307 with permission from Wiley, copyright
2012.
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(nucleic acids, proteins and lipids), decreasing resistance by
target microorganisms. ROS formation in PDI treatment is
through excitation of photosensitizers with an appropriate
wavelength. In this context, CDs are considered excellent
photosensitizers for PDI treatment by photoinduced production
of ROS, which depends on the functional groups on the surface,
the optical properties and the photoexcited state of CDs.*>*

Several studies have demonstrated that EDA-CDs under
visible/natural light could effectively inhibit E. coli cells. The
antibacterial activity of these CDs was attributed to the photo-
dynamic effects of these nanoparticles.***'* Likewise, Li et al.
reported that synthesized CDs by an electrochemical method
with vitamin C show a broad-spectrum antibacterial activity
against Bacillus sp, E. coli, ampicillin-resistant E. coli, S. aureus
and B. subtilis. Furthermore, the authors observed that these
CDs also showed an antifungal effect against R. solani and P.
grisea.®> In another reported study, Priyadarshini et al
demonstrated the antifungal potential of CDs and their derived
conjugates against C. albicans.®*

Although few studies have reported the use of CDs in anti-
viral treatment, Huang et al. found that CDs synthesized from
benzoxazine (BZM-CDs) inhibited the infection of Japanese
encephalitis, Zika, and dengue viruses. The results indicated
that BZM-CDs could directly bind to the surface of the virion
and inhibit cell-virus interaction.** Loczechin et al. also found
an antiviral effect of seven different CDs to human coronavirus
HCoV-229E infection. The mechanism of action of these CDs
revealed the inhibition of HCoV-229E by interactions of the
functional groups of the CDs with HCoV-229E receptors. In
general, these results could help replace the use of conventional
antivirals with less inhibitory activity.***

According to previously published reports, CDs could be
a useful tool for the treatment and diagnosis of diseases.

2.5. Theranostic approach in cancer treatment

In cancer treatment, chemotherapy, radiation, and surgery have
certain limitations because one treatment pathway cannot
address all types of cancer?'® Tumor theranostics focuses on
developing new structures that are biocompatible and biode-
gradable and able to perform efficient target therapy.*"”
Currently, several types of theranostic nanoparticles have been
developed for treating cancer, however not all are efficient and
safe.**® In this respect, carbon dots are considered potential
candidates for developing tumor theranostic due to the physi-
cochemical and optical properties described above. Indeed,
compared with other existing theranostic agents such as and
metal-organic framework (MOF)-based nanomedicine, lip-
idosomes and polyester micelles, CDs possess a series of
advantages that include low cytotoxicity, biocompatibility and
stable photoluminescence.***** Consequently, CDs have been
recognized as effective tumor theranostic agents for in vivo
imaging and tumor therapy (Table 1).%*?

2.5.1. Photodynamic therapy (PDT) and photothermal
therapy (PTT). The study and development of CDs for PDT and
PTT have increased in recent years. As previously described,
through PDT, CDs can destroy cancer cells by reactive oxygen
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species, which were produced from surrounding oxygen under
the excitation of light with the corresponding wavelength.*** In
addition, PDT offers low toxicity and minimal invasiveness.***
Therefore, this therapy has gained a lot of significance because
it acts on multi-drug resistant cancers and could replace
conventional chemotherapy.®**** In a study by Xie et al. the
authors synthetized porphyrin-containing carbon dots which
showed intrinsic photodynamic capacity upon photo-
irradiation. Furthermore, the porphyrin-CDs exhibited high
cellular uptake, potent cytotoxicity, good photostability and
biocompatibility.” On the other hand, Zhou et al. prepared CDs
from fresh tender ginger juice with good biocompatibility. The
CDs showed selective cytotoxic activity towards HepG2 cells
through high ROS production. However, these CDs were also
cytotoxic to the normal liver cell (FL83B) and normal mammary
epithelial cell (MCF-104) lines.*** Another study by He and et al.
indicated that using a one-pot hydrothermal method to
synthesize diketopyrrolopyrrole (DPP)-based fluorescent CDs
with DPP and chitosan as precursors, the DPP-CDs could not
only generate singlet oxygen ('0,) but also had excellent
hydrophilic properties and biocompatibility. Moreover, the
DPP-CDs inhibited tumor growth in vitro and in vivo with laser
irradiation (540 nm).*

From a theranostic point of view, photothermal therapy
(PTT) is also known as hyperthermia or thermal ablation
therapy. PTT, which is used as a diagnostic and treatment
strategy, uses electromagnetic radiation in the infrared (IR)
region to convert the absorbed energy into heat and provides
high specificity analysis and minimal invasiveness.*****¢ Carbon
dots are considered attractive as photothermal agents because
they contain many 7 electrons and behave similarly to the free
electrons of metallic nanomaterials.* In a study by Zheng and
et al. the researchers synthesized multifunctional theranostic
CDs (named CyCD) via a solvothermal process. CDs exhibited
an excellent PTT efficiency and the in vitro studies revealed that
the viabilities of CT26 and HepG2 cell lines were decreased in
the presence of CyCDs.*” Another study by Nurunnabi et al.
indicated that carboxylated photoluminescent graphene nano-
dots (cGDs) activated by NIR laser irradiation form electron
clouds to produce heat (>50 °C) and decrease cell viability ~70%
of MDA-MB 231 cancer cells by thermal ablation.**® Bao X. et al.
showed that after an in vivo injection of CDs, the PTT signifi-
cantly inhibited the growth of tumor and prolonged the life of
mice.*® On the other side, some in vitro studies have demon-
strated that chemotherapy combined with PTT is better at
killing cancer cells than monotherapy.”>*

Although there are some advantages of PDT and PTT in
cancer treatment, there are still some difficulties in their prac-
tical application. For instance, the hypoxic environment in
tumors limits the therapeutic efficacy of PDT and the use of PTT
damages the normal tissue around the tumor.?****3*> There-
fore, many major challenges must be overcome.

2.5.2. Receptor-mediated therapy. Tumor-targeted CDs
can specifically bind to receptors overexpressed on the cancer
cell membrane.***** Indeed, the receptor-mediated therapy of
CDs is important for drug delivery.*** Jianping Li et al. showed
that hyaluronic acid (HA)-modified carbon dots (HA-CDs)
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Table 1 Some theragnostic agents based on CDs®
Complexes-CDs Biological activity Ref.
CDs from HA Preservation of the HA functionality, which has high specific affinity for CD44 323
receptors overexpressed on the surfaces of many cancer cells
FA/DOX-CDs The system facilitates the real-time monitoring of the drug release based on the 258
fluorescence signal
CDs-DOX loaded into PEG citosan High therapeutic efficacy through the synergistic effect of combined 324
nanogels chemophotothermal treatments
CDs-MnFe,0,/DOX-4 carboxyl Acts as a cancer cell-specific targeting ligand. Effective fluorescent markers in an in 325
phenylboronic acid vivo experiment. Moreover, it also showed the controlled release manner of DOX at low
pH values
CDs-DOX/biodegradable charged The heat generated enhanced the anticancer activity of the nanocomplexes which 326
polyester vectors (BCPVs)/siRNA triggered the release of DOX from complexes
CDs-PEGFA/ZnPc or R780 iodide or Ce6 The targeting of ZnPc/CDs-PEGFA was evaluated by monitoring the blue and red 327-329

fluorescence of CDs. The PDT on the HeLa cells was also demonstrated

¢ Abbreviations: HA: hyaluronic acid, FA: folic acid, ZnPc: zinc phthalocyanine.

obtained by hydrothermal treatment with branch-poly(ethylene
mine) and citric acid specifically binds to CD44, which is over-
expressed in several cancer cells. Furthermore, in this study the
antitumor effect of HA-CDs was observed in diverse tumor
models, which gives it a good application prospect for targeted
cancer therapy.’*

Although several studies are focusing on receptor-based
tumor therapy, accumulating evidence suggests that this
strategy has several important limitations because some
receptors are present in both cancer cells and normal cells. In
addition, different types of cancer cells may not be targeted
using the same ligand.?**%*3%

3. Conclusions

The unique physicochemical properties of carbon nanomaterials
allow them to incorporate targeting ligands, chemotherapeutic
drugs, and many other therapeutic agents making them suitable
for certain imaging and therapeutic applications. This urges us to
establish closer interdisciplinary connections between nano-
technology, biology, and medicine in order to develop more
powerful and useful tools for biologists and clinicians. Although
carbon dots are considered multifunctional and low-toxicity or
non-toxic nanoparticles, there are some problems associated with
their use, including synthesis methods, and control over their
size and surface properties, which could cause interferences in
their biological applications. Nevertheless, the strong optical
absorption of carbon dots allows for photothermal and photo-
dynamic therapies that harness the absorbed photons for selec-
tive destruction of malign microorganisms and tumors through
targeted drug delivery and diagnostic imaging. With the many
new avenues and opportunities offered by the unique properties
of CDs, we envisage the future of such nanomaterials with an
optimistic outlook. In this review paper, we have provided
a comprehensive coverage of recent progress in biological
imaging and nanomedicinal therapy using a variety of CDs. The
CD synthesis, the resulting optical properties and the recent
knowledge related to the structural-luminescence relationship
have also been discussed.

5208 | Nanoscale Adv., 2021, 3, 5183-5221

Overall, there is potential for the future clinical usage of CD
nanomaterials. With the multi-functionality of these materials
and taking advantage of their low cost and low environmental
impacts, high water solubility, biocompatibility, low toxicity,
good cell permeability, excellent sensitivity of fluorescent
imaging and easy conjugation with therapeutics, future devel-
opments should enable the development of versatile thera-
nostic applications for the treatment of cancer and other
diseases in the near future.
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